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ANNOTATION

GENERAL REMARKS

The team of Mrs. Wanda L. Metz and the undersigned, representing international Technical
Associates, Ltd., was awarded a contract, through NASA, by the U.S. Army Research and Tech-
nology Laboratories (AVRADCOM), Ames Rescarch Center, to prepare for publication, both
editorially and graphically, a translation of a book entitled Helicopters, Selection of Design
Parameters, by M.N. Tishchenko, et al. In addition to the above task, a brief general evaluation
of the book was to be made—examining its potential usefulness to the Western and especially,
the American reader, and giving an example of Soviet vs. Western (US) approach to design
methodology by concentrating attention on a particular selected problem.

A rough draft of the translated text plus a copy of the original book was supplied by the
Contracting Agency. Using this draft as a basis, the text was prepared; attempting to obtain as
much as possible, a presentation in conversational English, but with minimal deviations from
the original style and format. Practically all the original main symbols were retained. However,
subscripts and superscripts were anglicized in order to retain their descriptive character. Sym-
bols denoting metric units were standardized with the exception that the symbol kg is used to
signify kilogram of force (kg = 9.8N), and not a unit of mass, as is customarily the case. The
word ton refers to a unit of force. This was done for the sake of simplicity since, throughout
the text, kilogram and ton are uniquely used with reference to units of force, and thus, there
was no necessity to use separate symbols for the kilogram-mass vs kilogram-force, and ton-mass
vs. ton-force.

A considerable interest in the project was shown by Dr. R. Carlson, Director of the R&T
Laboratories, as well as by Messrs W. Mosher of the Advanced Systems Research Office, who
served as technical monitor of the project and F. Immen, Chief of that office, who was instru-
mental in making the publication of this text a reality. Thanks and appreciation are also ex-
tended to Colonel C.J. Reeder (Director) and Mr. E.R. McInturff of AFSTC in Charlottesville,
for their interest and support. To these gentlemen, as well as the many others who contributed
their valuable technical remarks and comments, we wish to express our sincere gratitude.

REVIEW OF TEXT AND TECHNICAL COMMENTS

The first impression one gets from glancing through the book is the abundance of up-to-date
data and current technical information on Westers (especially American) designs; including the
UTTAS, HLH, and S-63, which clearly points out the close surveillance by the Soviet of foreign
technology. However, there is also an almost equivalent amount of data on Soviet transport
designs (mainly, the Mil' family).

In spite of this abundance of reference to Western technology, the undersigned believes that
the material presented here should generate interest in the technical community of the West;
not only as a source of documentation reflecting the thinking of the representatives of the
Soviet block, but also because of the technical merits of the book. This, in spite of the fact
that one may not necessarily agree with all the presented approaches, ground rules, and the
authors’ ranking of the compared configurations of transport rotary-wing aircraft.



As to the scope of its appeal, this book should also be of interest and help to members
of organizations responsible for the development of new types and systems of rotary-wing
aircraft and preparation of their basic specifications. As a matter of fact, it perhaps should
constitute a “‘must reading” for this particular group, as well as being of definite assistance to
designers engaged in the rotary-wing aircraft industry. Finally, it should also provide useful
material in teaching design courses on an academic level. This broad range of application and
potential interest can be justified by a brief review of the individual chapters.

Chapter 1, dealing with establishing proper criteria for evaluating the effectiveness of rotary-
wing aircraft and optimization of design parameters, reflects the well-known difficulties and
frustrations encountered by students of this subject in their search toward finding an all-
encompassing criterion that, on one hand, could serve as a yardstick for measuring “complete”
superiority of a given type or variant of aircraft; while on the other, when applied to the
sclection of optimal design parameters, would lead to practically-manageable mathematical
models.

It is interesting to note that similar to the Western approach, the representatives of the
Soviet economy also came to the conclusion that the overall life-cycle cost of a helicopter
system as represented by development and system life-long operation expenditures represents 2
significant criterion. This is especially true in those cases when the whole system for both
military and civilian machines as in the case of the Soviets; or for military machines as in the
case of the West, is financed from ‘‘cradle to grave” by a single customer (the government).

Unfortunately, both the Soviet authors and those in the West realize that translation of this
criterion into a rigorous analytical tool of design parameter optimization is impractical, as this
would require an overly complicated mathematical model. Consequently, in the concept-formu-
lation and preliminary design phases, some simpler special (specific) criteria must be applied.
After reviewing severalapproaches, the authors indicate that maximizing payload for a given
range (at constant gross weight) should provide a guide for the design of transport machines.
This can be supplemented with productivity criteria. Separate standards are given for crane
and agricultural helicopters.

Chapter 2, encompassing over 50 percent of the text, is devoted to showing how optimum
parameters (chiefly main-rotor radius and number of blades) are selected through use of the
maximum-payload criterion for transport pure and compound helicopters, and how various
configurations of the machines can be ranked with respect to that criterion.

To achicve this goal, methods of weight estimation of the major components are presented
first. These are interesting considerations, as they point out some design philosophies which
may be either somewhat different from those in the West, or simply not so strongly emphasized.
One example in this respect is the authors’ recommendation that the Lock number (referged to
here as the blade mass characteristic) should be v, = cy“po bo_7R4/21f‘ p < 7.0; preferably no
higher than 7y, = 4.0t0 5.0.

In the above expression, cy"' = the lift-curve slope, p, = air density at sea level, b, , = blade
chord at 0.7 blade radius, R = blade radius, and I, = blade moment of inertia about the
flapping hinge.

With respect to the weight-prediction formulae for all major components, the differences be-
tween those presented in the book and those used in the West may be expected. One casc of
such difference is discussed later on an example of the main-—rotor hub weights.
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In the optimization process, especially when selecting an optimal variant of a given aircraft,
prediction of the relative component weight variation with respect to some bascline version,
may be more important than an accurate determination of the absolute weight. This method of
comparing weights is widely used throughout the book.

Again it is interesting to note the level of convergence between “their’” and *‘our” predic-
tions in that respect. The previously-mentioned example of main-rotor hub weights will indicate
that differences in this area may also be encountered. '

In almost every engineering design optimization process, one encounters various constraints.
Those related to the rotary-wing design are thoroughly discussed in Chapter 2. Attention should
be called to the following quantities.

Disc Loading. Maximum values of disc loading recommended by the authors are shown in
Table A-1. One would notice from this table that, in general, the limits are similar to those
used in the West, although in the transport category, they appear higher than their Western
counterparts.

MAXIMUM DISC LOADING
TYPE OF HELICOPTER 2

kg/m psf
TARANSPORT 70 - 80 143 - 6.4
{no peopie on the ground or in the downwash)
CRANES 80 — 60 10.2 - 12.)
AESCUE & UTILITY 30 ~ 28 e1-— 7.2
TWIN-ROTOR CONFIGURATIONS l 48 | ]

Table A-1 Maximum Permissible disc loading

Bevel-Gear Capacity. The authors indicate that the maximum power transmitted by a pair
of bevel gears should not exceed 8000 hp which, assuming six driving gears (seec Fig 2.53),
establishes a 48 000-hp limit for power transmitted to a single rotor. This also leads to the
necessity of using two synchronizing shafts in tandem helicopters of the 44 to 60-ton gross-weight
class (Fig 2.57), and establishes 2 maximum installed power of 28 000 hp for this configuration.
The authors recalize that these power limits have been exceeded (10 600 hp per pair) in such
Western projects as the HLH of Boeing Vertol; nevertheless, they believe that a degree of con-
servatism in that respect represents a sound design philosophy.

Shaft rpm. Maximum allowable shaft rpm represents another aspect of design conserva-
tism advocated by the authors. They establish 7y, ., < 3000 rpm as a constraint for helicopter
shafts. This obviously places the tandem configurations at a disadvantage, where about one-half
of the power developed by the engines is continuously transmitted through the synchronizing
shafts. Here, again, the authors are aware that in such tandems as the Chinook, the sync shafts
operate up to 7000 rpm (Fig 2.17), and in the HLH, go as high as 8000 rpm (Fig 2.55); never-
theless, they believe that accepting the 3000 rpm limit is a sound design policy, as it permits
one to use grease-lubricated bearings.

As far as other constraints are concerned, much attention is devoted to limits to the maxi-
mum permissible rotor overlap (both for tandem and side-by-side configurations) as imposed by
the blade-strike possibility.
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Maximum permissible static blade droop as limited to 12 percent of the blade radius appears
noncontroversial. Also, the most often recommended rotor thrust coefficient in hovering at
sea level std, ¢ = T/%p u,? omR? =~ 0,155, which corresponds to the average lift coefficient
of ¢y, = 0.465, seems close to the levels used in successful Western designs.

The section, Determination of Data Required for Calculating Structural Weight and Selec-
tion of Helicopter Parameters contains detailed considerations regarding the determination of
wing area for side-by-side helicopters.

It should be noted that this particular configuration in the pure helicopter as well as in the
compound version receives considerable attention throughout the whole text, and contains
many interesting technical inputs, revealing that the authors must have directly participated in
the development of this type of rotary-wing aircraft.

As far as the aerodynamics of the tandem is concerned, it appears that a high degree of
agreement exists between the authors’ and the Western approach, as exemplified by Figure
A.1. A graph giving the thrust losses due to overlap as predicted by the authors is reproduced
on the left side of the figure; while U.S. data is shown on the right. A comparison of the graphs
indicates very close agreement. Also, the acrodynamic rotor-interference aspects in forward
flight, as illustrated in Figure 2.65 appear to be in general agreement with theoretical and
experimental Western data (sec Section 6 of Chapter I of Reference 1).

-1

¢ o1 062 ¢Y g+ 45 4F 471 ,7.7"’.
us. i
Theust Loss Coefficlent, kg, versus overlop, P S. data shown for comparison

Figure A.1 Comparison of graphs showing thrust losses due to overlap

The section, Comparison of Different Helicopter Configurations and Selection of Optimal
Main-Rotor Diameter and Number of Blades is probably the most controversial, especially as
far as ranking various transport helicopters is concerned.

The authors indicate that in all of the considered gross-weight classes (12—24, 4460 tons,
and very-heavy-lift rotary-wing aircraft up to 160-ton gross weight), singlerotor configurations
(both pure and compound helicopters) are better regarding payload-carrying capability than the
side-by-side types, and decisively superior to the tandems. This ranking is supposed to be true
for very short (50-km) , as well as to quite long (800 km) ranges.

It would be interesting to run a study in order to determine whether the tandem is hurt
more than other configurations by such conservative assumptions as the restriction of shaft
speed to 3000 rpm, and limitation of power transmitted through a pair of bevel gears to 8000
hp, and whether the ranking would remain the same after removing these restrictions.

The reader interested in compound helicopters will find valuable material at the end of
Chapter 2, where these configurations are compared with pure and winged helicopters on the
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basis of productivity. Here, one would probably find little opposition to the authors’ statement
that the single-rotor type represents the most advantageous configuration for the compound
helicopter '

From the amount of space devoted to the subject, one gets the impression that the
Soviets are definitely interested in the application of the compound helicopter configuration to
heavy transports of the 50-ton weight class, which is justified by a slightly higher productivity
when compared with pure helicopters (Fig 2.113), in spite of the obviously lower payload capa-
bility of the compound (Figure 2.109).

Chapter 3 is devoted to the analysis of technological factors (strength aspects, and prac-
tically possible minimal gages) influencing the blade weight, and this enables one to determine
minimum obtainable blade weight. It is interesting to note that in the course of whole analysis,
only two design load sources are considered: (a) the blade centrifugal force, and (b) blade
weight. It is here again emphasized that having the blade mass characteristic (Lock number)
Yo < 4.0 is one of the best ways to assure dynamically undisturbed operation (free of aero-
elastic instability) of the rotor throughout all regimes of flight. Consequently, a conflict may
arise between the desire to achieve the lowest possible structural blade weight, and striving
for a “heavy” blade as dictated by the 7, & 4.0 requirement.

The authors advise that the blade designer should always try to achieve the lowest possible
structural weight; even if this may lead to a higher v, value than desired. (Means other than
increasing the weight should be found to cope with the dynamic problems.)

Although only blades with steel tubular and extruded aluminum D-spar and fiberglass
boxes are considered in this chapter, the presented methodology can be applied to other blade -
designs as well.

Chapters 4 and 5, dealing with the economics of helicopter development and operation, are
especially recommended to the desighcrs of rotary-wing aircraft who, in their creative efforts,
sometimes ignore, or forget, about the cost aspects of their decisions.

It should be noted that the Soviet authors appear to be as cost-conscious as procuring agen-
cies and private operators in the West, and try to transmit their message to the designers. In
that endeavor, they use an abundance of Western data, and even quote, in English, such slogans
as “Design to cost or all is lost.”

Chapter 4 is devoted to methods of calculating helicopter costs. Here, upon reviewing
some existing approaches, the authors, probably rightly, came to the conclusion that the most
reliable method of predicting cost per kg of a component destined for series production would
consist of comparing it with that of another production component performing the same func-
tion, but which otherwise could be produced under different conditions and show complete
dissimilarity in design. It is only necessary to properly account for those differences through
suitable “economic” and “design peculiarity” coefficients. The economic coefficient would
reflect such aspects as production facilities, labor and material costs, etc., while the design
peculiarity coefficient would reflect such differences as number of parts per kg of component
weight and manufacturing tolerances. Further improvement is achieved in this realm of design
differences by taking into consideration the machined surfaces of new and baseline components.

Knowledge of the manufacturing cost of new components permits one to calculate their
replacement cost as well as that of the helicopter as a whole.
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The cost of major overhauls is computed similarly to that of manufacturing. Methods for
calculating the cost of scheduled maintenance and technical servicing are also given. All this,
together with data on the cost of fuel and lubricants plus the flight-crew wages provides the
necessary inputs for estimating the direct operating cost. Thus, the influence of design param-
eter values on direct operating cost can be examined.

The helicopter designer, through his decisions in selecting design parameter values,
exercises very little influence as far as indirect operating cost is concerned. The only exception
may be the insurance cost which would increase with the number of new technical solutions
intorduced into the design.

In Chapter 5, the methods presented in Chapter 4 are used to select helicopter param-
eters according to the minimum-cost criterion.

' Finally, selection of optimal cargo-transport helicopter parameters based on minimum
cost per ton-kilometer is compared with that attempting to maximize the payload transported
over a given distance.

The fact that the helicopter having the highest payload-to-gross-weight ratio is not neces-
sarily the one having the lowest cost per ton-km is shown on the example of cost vs gross weight
at constant payload given in Figure 5.22.

At the conclusion of this brief review of the text, it should once more be emphasized
that in the design optimization process, two parameters only; namely, rotor radius and number
of blades were considered. Other quantities which come to one’s mind as potential control
variables such as rotor tip speed, blade planform and twist, and airfoil characteristics were
assumed as invariable. (Deviation of tip speed from the standard value of U,,= 220 m/s were
only reflected through proper correction factors.)

This limitation of the number of parameters definitely has the advantage of simplicity
and ease of presentation of the results as simple graphs. Students of optimization who struggled
to imagine and somehow represent a search for an optimum in a multi-dimensional space would
definitely appreciate the simplicity of dealing with two parameters only. However, on the other
hand, it would be interesting to find out, even on some selected samples only, to what extent
the introduction of other design parameters as independent variables would modify the pre-
viously obtained results.

COMPARISON OF ROTOR-HUB WEIGHT TRENDS

Rotor-hub weight trends were selected to provide an example for a comparison of
Tishchenko's et al structural weight prediction methods with those used in the West, as repre-
sented by a procedure described by R. Swan of Boeing Vertol?.

In the latter approach, it is assumed that the dimensions of a hub and hence, its weight,
are governed by the magnitude of the following forces and moments: (1) blade centrifugal
force, Np,, (2) rotor thrust, 7, (3) hub (overturning) moment, M, ,,, and (4) rotor torque,
Mq.

Starting with these premises, the functional relationships between the forces and mo-
ments, and various helicopter design and operational parameters are studied, and representa-
tive trend parameters indicated (Table A-II).



LOAD REPRESENTATIVE TREND PARAMETERS
Npy ~ Gpyfe g 1 Gpps R, n
T~ UtA,, n, R, z, b
MQ ~ Hyg/n Hg, n
Mpup ~ Np,Be Gy R, n

TABLE A-1I Significant loads and their representative parameters

This would lead to an assumption that the weight of the hub can be expressed as a func-
tion of the product of those parameters whose importance is reflected by the power to which
each of the parameters is raised:

Gpuyp = f(Gpf * RP < n¢ « tPed « z,¢ + rf + const) (A1)

where, using Tishchenko's notations, Gy, =blade weight, 77 = rotor rpm, /P = horsepower trans-
mitted to the rotor, 2, = number of blades, and r = hub radius.

The slope of the line along which statistical points are gathercd would indicate the power
to which the expression in the parentheses of Eq (A.1) should be raised.

As a result of this approach, the following formula for the hub weight was obtained:

.11)0.358

Gpup = 611Gy Rn* HPrz,1-3r1-82 . 10 (A2)

Although Eq (A.2) well represents the general trend of the hub weight, there are still
some hubs whose actual weight significantly differ from that given in the equation. Swan and

his coworkers suspected that those discrepancies may have stemmed from such factors as (1)
difference in materials, (2) design approach, and (3) stage of development. To take these
factors into account, a special £, ,4 factor was introduced into the equation:

Ghup = 61(Gpy Rn? Hgzp*® 182k pq + 10°11)0-358, (A.3)

With this innovation, the agreement between the predicted and the actual hub weights
became quite satisfactory as the standard deviation was less than 4.5 percent.

Tishchenko's et al approach was different. They assumed that designing load sources
could be limited to the blade centrifugal force (Np,) and its bending moment expressed as

Nye.
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The weight of the hub arm should be proportional to the magnitude of centrifugal force

and arm radius, r:
Garm ~ Nbl" ' (A.4)

Furthermore, it was indicated that for classical articulated rotor hubs with closely
located hinges, r ~ +/Ny,; thus Eq (A.9) can be rewritten as
372
Garm ~ Np " . (A.B)
Assuming that the weight of all hub arms will be a multipie of the number of blades

while the weight of the hub center-body can be taken as a fixed fraction of the arm weight, it
becomes clear that

Ghub ~ ZprNp™>. (A.6)

Realizing that the influence of the number of blades may actually be more invoived than
straight proportionality, the authors introduced a special correction factor for z,, > 4, thus
obtaining the following expression for the hub weight:

Gpup = Rpup 1 + 0.05(zb,-—4)]z,,,(Nb,)3/2 (A.7)

where k,,, is the coefficient of proportionality, whose value represents a very large scatter
(see Fig 2.7).

To account for the fact that because of the necessity of maintaining some minimum wall
thickness of the hubs designed for lower centrifugal forces and consequently, that such hubs
are relatively heavier, an exponent of 1.35 instead of 3/2 was suggested. Now, the proposed
expression for the hub weight becomes

Ghup = K'wup 1 + 0.05(zp— )] 25Ny 2. (A.8)

While k*,,, values computed using Eq (A.8) still represent a considerable scatter (see
Fig 2.8), when comparing Egs (A.3) and {A.8), one would notice that the product of Gb,Rn2
in Eq (A.3) actually represents the blade centrifugal force; assuming the location of the blade
c.g. at the same relative blade radius 7, ; = const:

Nps ~ GpyRN?.

However, the degree of influence of the blade centrifugal force on the hub weight will be
weaker according to Boeing Vertol formulae (Nb,o‘”s) than in Tishchenko's approach where
( Nb11.35 ).

Also, the influence of the number of blades will be different in the two compared
approaches, as indicated by the exponent of 0.539 for z,, in Eq (A.3) vs 2, to the first power
(at least, for z,, < 4 in Eq (A.8). Furthermore, the hub radius does not appear explicitly in
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Eq (A.8), but only through the change in the Np; exponent, while the influence of the rotor
power is not taken into account at all. Anything similar to the k54 coefficient in Eq (A.3) is

-also absent in Tishchenko’s approach.

From the above discussion of an example of rotor-hub weight estimates, it is apparent
that considerable differences in basic philosophy in the development of weight prediction
methods exist between Boeing Vertol’s and Tishchenko’s approaches.

However, without specific detailed numerical calculations, it is impossible to pinpoint
how large the differences in the predicted hub weights would actually be.

In the design optimization process, it may be more important to correctly indicate the
relative weight change of the component as the considered parameters are varied than to
preciscly determine the weight of a particular helicopter component as a function of design
parameters. Since in this book both the blade radius and the number of main-rotor blades are
considered as the most important design parameters, it would consequently be interesting
to compare how the Boeing Vertol and Tishchenko methods predict changes of the main-
rotor hub weight referred to some baseline value, as either z,, or R are independently varied,
while other parameters remain constant.

To illustrate this problem, variation of the hub weight ratio (Gpyp ”/G;,,,b o) Will be in-
vestigated: '

(Ghub, IGhuby) = Flzbi,/261,)- (A.9)

The problem will be simplified . by assuming that Zp;, Np1, = 2b1, Npi, and zpy, Go1,
Zp4, Gb,» while all other parameters appearing in Eq (A.3) and (A.8) remain constant.

Under the above assumption, the ratio expressed by Eq (A.9) according to the Boeing
Vertol method will be

(Ghubn/Ghub,lyg |, = (2p1n/261,)°*7° (A.10)

and, according to Tishchenko et al,

(Ghuby/Ghubg)y = U1 + 0.05(z0 = O (z1,/261,) " - (A1)

It can be seen from the above formulae, as well as from Fig (A.3) that under the assumed
conditions, the trends of relative hub weight variation with number of blades predicted by the
Boeing Vertol method and that by Tishchenko et al are completely different.

To further investigate this relative-weight trend problem, the influence of the blade
radius variation at zp; = const was examined.

Again, in order to simplify the problem, in Eq (A.3) it was assumed that all the param-
eters cxcept R, and G, as influenced by R, remain constant; while in Eq (A.8), only the influ-
ence of R on N, is taken into consideration.

Assuming, for simplicity, that rotor solidity o = const, as well as tip speed U, = const,
and that the relative radius of the blade c.g. position also remains 7, , = const. Then n, =
no{.Ro/Rp), while Npj, = Npjo(Ry/Rp).

-10-
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Figure A.3 Variation of the bub-weight ratio with the number of blades
as predicted by the Boeing Vertol and Tishchenko metbods

Consequently, the relationship (Ghub,/Ghub,) = f (Rn/Ro), according to Eq (A.3) will
be expressed as

(Ghuby/Ghuby)y, 5 = (RolRn 0-338 (A.12)

and, according to Eq (A.3), as

(Ghuby/Ghuby )y = (RolRaY'** (A.13)

The results of the calculations according to Eqs (A.12) and (A.13) are plotted in Fig A4;
this time, showing there is an agreement between the two approaches regarding the sign of the
relative increment, but the slope of these variations as predicted by Tishchenko et al is much
stecper than that anticipated by the Bocing Vertol method.
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Figure A.4 Variation of the bub-weight ratio with the rotor-blade radius
as predicted by the Bocing Vertol and Ticbenko methods
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These results further illustrate the previously made statement regarding the essential
differences in the weight-prediction formulae between the Tishchenko et al approach and those
developed by Boeing Vertol, and point out the need for deeper studies required to resolve
which of the two approaches better reflects a reality.

CONCLUDING REMARKS

1. The book by Tishchenko et al provides a valuable insight into the Soviet design
philosophy of rotary-wing aircraft and especially, transport helicopters and compounds.

2. The presented material covers a broad range of design aspects and thus, may be of
direct use to the practicing engineer in both industrial and government organizations. It may
also form a basis for academic courses on the design of rotary-wing aircraft,

3. In the book, there are many opinions and approaches to which one may take excep-
tion. However, since the book was written by true professionals in their ficlds, the encountered
controversies should not be rejected, but should serve as a stimulus for further study, and a
deeper insight into the discrepancies.

4. It appears, hence, that the reviewed text should be of genuine interest to the Western
technical community and may be recommended as desirable reading.
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FOREWORD

The areas of application of helicopters in the national economy of the USSR are broadening
every year. Cargo transportation into remote regions, regular ferrying of oil workers to offshore
drilling platforms, servicing geological parties, transporting passengers, construction and assembly
operations, and many other types of work are performed by hundreds of these irreplaceable mach-
ines. The volume of operations performed by these vehicles is increasing each year. The constantly
expanding field of rotary-wing applications is largely due to the geographic peculiarities of the
USSR; and the scope of construction in both new and as yet undeveloped regions makes it possible
to consider that the role of these vehicles will continue to grow steadily in the national economy.
At the same time, the broad usage of helicopters leads to a situation in which construction and
operation of rotary-wing aircraft on a national scale are becaming appreciable.

Because of this, the problem of improving helicopter efficiency is extremely vital and, in
turn, requires a particularly careful approach to the selection of optimal parameters of new designs.
The rational determination of the basic parameters of any new means of transport has always been
difficult. Such selection of the parameters is particularly important in the case of flight vehicles
where weight increases resulting from nonoptimal dimensions or improper design of particular
components increases the gross weight (or reduces the payload that can be carried). in many cases,
this ieads to a significant over-expenditure of funds for mass production and subsequent operation
of the fleet of such vehicles within the national economy.

The problem of developing an optimal fiight vehicle is solved by simultaneous design of
several variants from which is selected a compromise representing, on one hand, that which is de-
sired while on the other, the feasibility of realization within acceptable time periods with available
funds and manpower.

- In selecting the final design variant of the project, the designer must take into account all
the various requirements and considerations, the most important of which are as follows: meeting
specified requirements for performance and payload with minimal gross and structural weights,
assurance of the required structural strength and reliability, stability and control of the aircraft,
safety in flight, degree of complexity of the problems that must be resolved, risk level of not meet-
ing the specification because of previously unforeseen circumstances, and degree of complexity of
manpower required in the design and manufacture of the flight vehicle; also the cost of production,
operational aspects, and especially, ease of maintenance and economic efficiency of the aircraft.

At the present time, a large part of the above-mentioned problems can be examined with
some degree of confidence on the basis of analytical methods which have been developed and in-
troduced into practice. However, there still exists a series of problems and resulting tasks which
cannot be solved through calculations, but can only be evaluated on the basis of knowledge, exper-
ience, and the general background of the design team. In this work, an attempt is made to inter-
relate the various individual problems and, using mathematical methods directed toward the use of
computers, outline ways leading to optimization of the design.

The problems have not been examined in an integrated manner in either the Soviet or for-
eign literature to date. Therefore, the authors hope that this book will be useful to those engaged
in the design ansd evaluation of new helicopters.

Chapter 1 was written by M.N. Tishchenko, Chapters 2 and 3 by A.V. Nekrasov, and Chap-
ters 4 and 5 by A.S. Radin. The comparison of the various helicopter versions presented in Chapter
2 was based on calculations by V.G. Pashkin. The analysis and systemization of the various helicop-
ters were performed by V.V. Kronshtadtov, L.A. Samoilov, and V.P. Nefedov. Several valuable

. suggestions were made by our reviewer, R.A. Mikheev. In addition, L.N. Mazure, A.l. Groznova,

G.l. Zakharova, T.V. Raivich, G.P. Kuz'minova, G.N. Deleikina, S.N. Gurova, and S.D. Fedina
assisted in the calculations and also the preparation of the manuscript. The authors wish to express
their thanks to all these individuals.
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CRITERIA FOR EVALUATING HELICOPTER
EFFECTIVENESS AND OPTIMIZING HELICOPTER
PARAMETERS

1.1 Classification of Effectivéness Criteria

The most universal and general criterion for gaging application effectiveness of a flight
vehicle is the relationship between the useful work done by the vehicle and the overall cost
of developing and operating such a machine. ‘

However, it is not always possible to make such a broad evaluation of a flight vehicle
under development. Therefore, in order to evaluate 8 new project, both specific and general
criteria are applied.

From the practical experience of design offices and purchasing organizations, a system of
ideas (concepts) and criteria has been developed, and is presently available for evaluation of
the effectiveness of the considered projects. Several studies devoted to the development and
iustificatibn of the effectiveness of methods for evaluating flight vehicles, primarily airplanes,
have been publnshed These problems have been exammed most completely in the works of
V.M. Sheymn , A.A. Badyagin and E.A. Ovrutskly A.V. Gllchev S.A. Serkisyan and
E.S. Minaev'8, along with several other authors.

Comparisons of various flight vehicles through the application of the most general, as
well as specific, criteria still does not permit one to reach a final conclusion as to which is
the best flight vehicle. This is due to the fact that quite often these criteria do not evaluate
certain features of the given machine being of definite operational value for the users; thus
representing very important characteristics of an aircraft. .

For example, one can not make a comparison between airplanes and helicopters on the
basis of ton-km cost. The ability of the helicopter to take off vertically and perform many
operations in the hover regime may be very important to the user, and this makes it an irre-
placeable flight vehicle in spite of the fact that the cost per ton-km is higher than that of the
airplane.

The same applies to the compound helicopter which has a higher flight speed than the
pure helicopter even though the costs of performing transport operations are greater. Further-
more, the criteria normally used do not consider the advantages of a configurational nature
nor particular features of the layout; for example, cargo-ioading convenience and low-vibration
level in the cockpit for helicoptars of the side-by-side configuration.

Thus, a decision regarding the use of these or other criteria should be made within a
group of vehicles destined for the same mission and operating under similar conditions.

Examining the presently-used specific criteria or methods of evaluation, we will group
them on three levels similar to the approach taken by V.M. Sheynin and V.l. Kozlovskiy'I9

On the first level, one would group the criteria which define functional effectiveness
followed by producibility and finally, operational effectiveness.

The functional effectiveness criterion (including weight aspects) characterizes how com-
pletely and at what level of technical efficiency the given vehicle performs its basic mission.
For cargo and passenger vehicles, we examine the transport effectiveness; for crane helicopters,
it is convenient to examine hoisting effectiveness; and finally, for agricultural helicopters,
particular criteria reflecting the effectiveness of their operation will be applied.



The producibility effectiveness criteria evaluate the desigh from the viewpoint of manufac-
turing efficiency and the conditions associated with production.

Finally, the operational effectiveness criteria make it possible to evaluate variants of a
given design for various vehicles from the viewpoint of their operational qualities.

Several authors have studied the problems of developing transport effectiveness criteria.
A detailed review of this subject is presented in the studies cited above. It should be emphasized
that although it is possible to assume that the criteria of transport effectiveness have been pro-
foundly studied and developed, the production and operational effectiveness criteria have not
been adequately worked out.

The second and higher levels include the criteria which evaluate the characteristics of the
individual flight vehicle in an integrated fashion while simultaneously considering its functional,
production, and operational effectiveness. Such an overall evaluation of the design becomes
possible through the use of economic methods.

The cost per ton-km for transport vehicles, the cost of treating one hectare for the agri-
cultural vehicles, or the cost per hour of operation for the crane helicopter represent the type of
criteria most often used in practice.

The.methods for calculating the cost per ton-km for airplanes have been developed in con-
siderable detail by several authors; for example, by A.A. Badyagin and Ovrutskiy?.

The third and highest level of criteria consists of methods oriented toward the overall
economic evaluation of the effectiveness, not of a single airplane or helicopter, but of all air-
craft of a given type developed to accomplish a particular task. Here, one should mention the
work of A.V. Glichev® wherein the systems approach to the solution of such problems is pre-
sented in considerable detail.

The problem of selecting optimal variants of flight vehicle systems on the basis of an mte-
grated economic evaluation was also considered in a study by S.A. Sarkisyan and E.S. Minayev'8

1.2 Functional Effectiveness

The problem of defining the technical and economic characteristics of an aircraft with the
aid of a simple and precise formula is very appealing. Therefore, considerable attention has been
devoted both in the USSR and abroad to the solution of this problem. A quite detailed analysis
of prewar studies containing criteria for technical and economic evaluation of flight vehicles
(including the Everling number, Green criterion, Lenoir criterion, and others) was presented by
E.A. Ovrutskiy! 5. These same questions, in the light of modern concepts, have also been exam-
ined in considerable detail in the previously cited studies of V.M. Sheymm" A.V. Glichev®,
and others.

It is possible to identify three basic factors defining the indices (measurements) of the
functional effectiveness of an airplane or helicopter through examination of the considered
criteria. The first of these is the productivity; i.e., the quantity characterizing the amount of
useful work performed by the considered vehicle per unit time. Second is the weight efficiency
of the flight vehicle, usually defined as the relationship between gross weight, payload, and
structural weight. Finally, the third is the efficiency of the vehicle from the viewpoint of fuel
consumption. This factor depends, on one hand, on the aerodynamic efficiency determining the
power required for flight and on the other, the efficiency of the powerplant which influences
the fuel consumption associated with the power required for flight.

The transport effectiveness criteria proposed by various authors reflect only individual
characteristics of the flight vehicle given by one or more of the above-mentioned factors.

Obviously, the most general criterion makes it possible to simultaneously take into account
all the basic factors enumerated above which define airplane or helicopter transport effectiveness.
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We shall examine the basic primary criteria which are now in use.

1.2.1 Weight Ratio

The weight-ratio concept is very widely used in practice. It is defined as the difference
between the gross and empty weights of the helicopter divided by the gross weight or, as the ratio
of the useful load to the gross weight.

G= (Ggr—Ga)/Ggr = Gy/Ggr. (1.1)

This criterion is often used to evaluate the efficiency of a specific flight vehicle as well as to
compare several flight vehicles with one another. Actually, being very simple from a computational
viewpoint, the weight ratio clearly indicates the structural weight efficiency of the considered air-
plane or helicopter. The designer naturally strives to achieve the highest possible weight ratio when
designing a new aircraft. In addition, when working out the design of a specific vehicle where the
basic parameters have already been established, the problem of obtaining minimal structural
weight becomes one of the principal tasks. It should be mentioned that a gain of 5 percent in the
weight ratio of the actual helicopter over its original weight would result in a first-class helicopter,
while a 5-percent reduction in this ratio would lead to a very poor vehicle. Therefore, diligent
effort to achieve the minimal weight of each structural element has always accompanied the
creation of any flight vehicle.

To a large extent, the weight ratio of a future aircraft is determined by the parameters
related to its major components, powerplant, and equipment. Therefore, in selecting the param-
eters of the future, it is necessary to take into account the factors which determine the char-
acteristics of these systems.

For example, two helicopters having the same takeoff weight and exhibiting the same weight
ratios will not be equivalent from the viewpoint of their transport capabilities if, because of a
variance in aerodynamic efficiency and/or powerplant characteristics, the fuel consumption per
kilometer is different.

As a consequence of this, the weight ratio of the vehicle, although indisputably being a
parameter characterizing structural weight efficiency, can not be used during the preliminary
design process as an overall criterion of transport effectiveness.

1.2.2 Productivity

If it is necessary to conduct a major transport operation requiring many flights, then in order
to determine the calendar time and the number of helicopters required to perform this task, one
must determine the work performed per unit of time by a single helicopter; i.e., the helicopter pro-
ductivity. ’

The productivity of a transport helicopter is evaluated on the basis of work performed by
the helicopter; defined as

A= Z_:Gpl,'Lil or A =(Gp[) (1.2}
i

av L£
where Gp/; = payload transported in the i-th trip; L; = length of the i-th trip; Lg = overall length
of all the trips; and (Gp,)" = average value of the payload.

Considering the basic mission of transport flight vehicles, one can evaluate them through
their average productivity as represented by the work performed per unit time.



nav ,= A/th.[ : (1.3)

where Tg cal is the overall calendar time required to perform the work.
The overall calendar time expended in performing the operation includes the flight time,

7:!- ; the time expended in loading and unloading, 7, ,; the time required for performing routine
maintenance, 7, ,; the idle time T7; ., associated with medical (legal) limitation of flight crew
duty time; weather conditions; duration of refueling; and finally, the time required to take care of
unforeseen problems:

e T2t Ty + Trm + T / (1.4)

The idle time obviously indicates how well the operation is organized, and also reflects the

‘degree of reliability and dependability of the flight vehicle.

The time expended on routine maintenance determines the operational qualities of the heli-
copter or airplane and will therefore be examined separately in Sect 1.4. Here, attention will be
focused on flight productivity as determined by flight time, Ty . In addition to the fact that
flight productivity is the most important component of the overall productivity, it also reflects
performance and weight characteristics of the flight vehicle. In addition, it characterizes the over-
all transport capabilities of the given flight vehicle, since the service life of all accessories, systems,
engines, and the vehicle itself are calculated in terms of flight hours.

The flight productivity is usually defined as

gy = (Gpl).yLz/Tr. = (Gpl).y Vb (1.5)

where V} is the block speed; i.e., the speed calculated, taking into account the time expended
in maneuvering before takeoff and after landing, as well as during climb and descent.

Most authors examine only the flight productivity. Consequently, to retain the customary
terminology, the term productivity will be used in the sense of flight productivity.

We can introduce the concept of maximum productivity of the considered flight vehicle.
This quantity appears as a very important criterion of vehicle transport efficiency. It is obvious
that maximum productivity is obtained as a product of the maximum payload transported over
a given distance and block speed: :

1 = GpVp. (1.6)

The block speed can usually be related to the cruise speed through the coefficient &, (Vp =
k, V) thus making it possible to write the productivity in the following form:

M = ky GpVer (1.7)

It should be noted that in the design process, when the values of cruise speed and payload
transported over a given distance are specified, productivity ceases to be an optimization criterion
since all the compared design variants satisfy the cruise speed—payload requirements and there-
fore, would have the same productivity.

This difficulty can be overcome if we examine specific productivity; defined as the ratio
of productivity to the empty weight of the equipped vehicle (Ggg):

ﬁe.e = kyGp1Ver/Ge.e - (1.8)



The specific productivity can also be defined by referring the productivity to the gross-
weight (Rowe criterion®!):

M = kyGpsVer/Gyr - (1.9)

Thus, we can obtain & criterion which makes it possible to evaluate the design from the
viewpoint of both its weight efficiency and productivity. This is a more general criterion than the
weight ratio or the productivity alone. However, the level of aerodynamic efficiency and fuel
economy of the powerplant are not reflected in explicit form in this criterion; rather these factors
show up through the influence of the flight range, for which the productivity is determined, on the
value of the maximum payload which can be transported.

1.2.3 Mil Criterion

A section of M.L. Mil’s book!! was devoted to the determination of transport helicopter
efficiency from the viewpoint of fuel consumption. When examining two vehicies having the same
productivity, Mil proposed, as a criterion, to use the quantity Ly, which would equal the hypo-
thetical equivalent distance that the vehicle could fly if the entire useful load were replaced by
fuel.

Leg = Glpay Ver * 10°/Gpypy = Gy, * 10°/q, (1.10)

where Gy, is the maximum load equal to the sum of the payload and fuel weights in tons;
G,u/,, is the hourly fuel consumption in kg/hr; and g is equal to the fuel consumption per km in
kg/km.

This criterion takes the weight and aerodynamic efficiency as well as the efficiency of the
powerplant into consideration. However, since this criterion can be applied only to maximum
range considerations, its practical use in the above form appears difficult.

In fact, of the two helicopters having the same value of Ly, = 7800 km depicted in Fig 1.1,
helicopter No. 2 would transport much lower payloads over shorter distances in spite of the fact
that by virtue of high aerodynamic efficiency and good fuel consumption rates, it has a high value
of Leg.

Gpy, ton
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Figure 1.1 Relationship between payload and distance for two
helicopters having the same Leq values



In order to overcome this difficulty, Mil introduced still another criterion—the quantity
C_ , which shows how much fuel must be expended per one ton-km:

C. = (’OOOGfu/Gp/L) + ACLh (1.11)

where Gy, is the weight of fuel required to fly the distance L in km, and AC,_h reflects the fuel
expended in the hovering regime.

In this form, the criterion makes it possible to determine the effectiveness of fuel expendi-
ture on transporting cargo for any distance, but no longer reflects the aircraft weight efficiency.
Consequently, the field of application of this criterion is still limited. However, when the supply
of fuel runs into major difficulties; for example, when operating in remote and inaccessible regions
of the country, this criterion becomes very important. Mil realized this and considered fuel effi-
ciency the most important parameter, indicating that this criterion takes into account, not only
the economics, but also the quite realistic and important requirement under combat conditions of
providing fuel supplies for transport operations' !,

Thus, although the C; criterion evaluates helicopter characteristics which, under certain con-
ditions (for example, during the energy crisis in the West in 1973-75) become very important, it
does not fully reflect the weight advantages of the aircraft. As for the Lgg criterion, it fails to
reflect payload aspects. Consequently, both of these criteria are not generally suitable to serve
as a guide for optimization of transport helicopter parameters.

1.2.4 Weight Ratio Based on Payload Transported Over Some Distance

When studying the influence of various parameters on the basic performance character-
istics of an aircraft, one very often examines how, at a constant takeoff weight, the payioad
varies corresponding to a given range, or how the range changes at a constant payload.

The primary convenience of this approach lies in the fact that it becomes possible to deter-
mine, in explicit form, the values of the basic parameters for which the given payload can be
transported over the given distance. In fact, the transport helicopter specifications usually include
this relationship as a requirement. Therefore if, during the design study, we identify those values
of the variables for which a specified fixed-range value would result in a payload equal to or
greater than the specified level, the obtained region of variable parameter values would assure
that the objective is met.

The so-obtained result can be extended to other approximate takeoff weight values through
the use of weight ratio based on payload for a fixed range:

Gpr = Gpi/Geo-

The quantity Ep, can also be considered a criterion characterizing the weight and fuel con-
sumption efficiency of the designed aircraft. The disadvantage of this criterion is the fact that it
does not consider productivity.

In fact, flight vehicles with the same payload and flight range, but having different cruising
speeds, will have different values of productivity for the same weight ratio based on the load
transported over the same distance.

1.2.5 The Sheynin Criterion

In order to overcome the above-discussed drawbacks of specific criteria, Sheynin suggested
making use of the relationship between basic factors which are not influenced by the operating



conditions and which are entirely under the control of the airplane designer. As the magnitude of
the work (Gp/L in ton-km) performed in flight at the optimal cruise speed, minimal fuel consump-
tion, and lowest weight empty of the equipped airplane become higher, the value of the proposed
transport effectiveness also becomes higher?®.

yref = RyGpyl Ver/GeGry
or '

terof = RvGpy Ver/Geq. (1.12)
Using Eq (1.8), this formula can be rewritten as
terer = Ty ol (1.13)

Thus, the Sheynin transport effectiveness criterion is equal to the specific productivity
(based on the weight empty of the equipped airplane) divided by the fuel consumption per km.

This criterion takes into account all the previously-mentioned important factors: weight
and aerodynamic efficiencies and fuel economy of the powerplant. However, the field of applica-
tion of this criterion is fimited by the fact that it can be used only when comparing vehicles having
the same gross weight.

In fact, this criterion cannot be used when comparing vehicles of different gross weights
since, with an increase in weight—regardiess of their having the same aerodynamic efficiencies
and specific fuel consumption of the engine(s)--the sfc per km increases. Consequently, the
quantity z,, , will decrease (Fig 1.2)

ter.ef
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Figure 1.2 Values of the transport efficiency parameter for
various airplanes used over 8 1500-km distance

1.2.6 Criterion for Evaluating Effectiveness of Cargo and Passenger Helicopters
We have previously listed the basic factors which must be taken into account when establish-
ing a criterion for transport effectiveness. With due consideration of these factors, the require-

ments for a generalized criterion can be formulated as follows: From various versions of cargo
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or passenger helicopters being designed to fulfill given specifications, it is necessary to select a
variant which would have maximum productivity, best weight efficiency, and minimum fuel
consumption. The relative productivity defined by Eq {1.9) as the ratio of the product of the
payload and block speed to the takeoff weight was selected as the quantity characterizing produc-
tivity and weight efficiency when operating over a given distance. The selected takeoff weight
determines the size of the entire flight vehicle and its basic components. Therefore, the produc-
tivity referred to unit of takeoff weight becomes an objective criterion of cargo or passenger heli-
copters, independent of the flight weight.

Consequently, relative fuel consumption—equal to the ratio of the fuel used per km to the

" flight weight—is selected to evaluate and compare helicopter designs from the viewpoint of fuel

consumption.

It can be shown that the fuel consumption per km is directly proportional to the takeoff
weight, power losses, and engine specific fuel consumption; and inversely proportional to the
flight vehicle lift-to-drag ratio.

q = GyoCe,, 10.27k, KE (1.14)

where Gm'= takeoff weight in tons; K = Y/X is the lift-to-drag ratio, where Y = Gy ; £ = coeffi-
cient accounting for power utilization and engine efficiency; cg., = specific fuel consumption in
cruise in kg/hp-hr; and g = fuel consumption in kg/km.

On the other hand, the fuel consumption per km can be defined as

q = Ggl/L , (1.15)

where Gy, = weight of fuel in kg; and L = flight range in km, corresponding to this quantity of
fuel.

The consumption per km referred to the takeoff (gross) weight refiects the aerodynamic
efficieicy, specific fuel consumption, and power losses corresponding to the considered vehicle:

T = 4/Gp = Cop,0.27k,KE (1.16)

or

T = Gp[Gpl. (1.17)

By dividing the specific productivity by the specific fuel consumption, we can obtain a cri-
terion for evaluating the effectiveness of transport helicopters that accounts for the three factors
mentioned above. The so-defined criterion is called reduced productivity,

1 = ii/g. (1.18)

In a physical sense, the proposed criterion can be interpreted as follows. It shows the pro-
ductivity in tons-km/hr for a hypothetical helicopter having the same cruise speed, weight effi-
ciency, engine specific fuel consumption, and aerodynamic efficiency as the helicopter under
consideration, but differing in gross weight; as the gross weight of the hypothetical helicopter
was selected on the basis of a fuel consumption of 1 kg/km.

When studying the parameters of different helicopters, or when comparing them through
the use of reduced productivity, all the compared variants—in spite of varying gross weights—
are reduced to the same basis of comparison expressed as the fuel consumption per km. Using
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the above-outlined process, the obtained productivity appears as a quantity defining the effi-
ciency of the considered aircraft.

The reduced productivity of a helicopter with takeoff (gross) weight G, transporting pay-
load Gp, over a distance L at a block speed V,,, = k, V,, ; having lift-to-drag ratio K; coefficient of
power loss and engine efficiency &; sfc in cruise Ce,,s and weight of available fuel Gg,, can be
represented as follows:

Il = k,G,V,,L/Gy, (1.19)
or
T = 027k, Gy Vo KE/Goer, (1.20)

Eq (1.19) is convenient for calculating the reduced productivity of helicopters which have
already been built or are being designed, while Eq (1.20) is more convenient for estimating the
influence on Il of the individual parameters which can be varied during design.

Figure 1.3 is given as an example of the reduced productivity vs stage length for the Mi-6
helicopter. We see that the curve 11 as a function of L reaches a maximum at the optimal range
Lop,. For distances shorter than Lop,, a reduction in the block speed leads to a reduction in
productivity in spite of an increase in payload. For distances greater than Lop,, productivity is
reduced, due to the diminishing payload. _

Several values of the reduced productivity for Soviet production helicopters vs the year of
their introduction into service are shown in Fig 1.4. Here, we see that in addition to the fact that
each new helicopter has met the specification with respect to load-carrying requirements, they also
exhibit higher reduced productivity.

~ton-km _km

H, hr xﬂ N
ff ton-km km T vvg-s 1
~hr_ kg o ms
/ [~ 160
150 [~ Mi4
' 100
100 i Mi-1
i °
50 50
» 50 80
0 100 200 300 400 500 Lkm YEAR OF CONSTRUCTION
Figure 1.3 Relative productivity T vs flight Figure 1.4 Values of relative productivity T for
distance for the Mi-6 helicopter Soviet helicopters

From this analysis, it follows that the reduced productivity can be used as a criterion for
evaluating the productivity as well as structural weight efficiency of the considered helicopter
while still accounting for economic fuel consumption. This criterion can be used when examin-
ing different variants of transport helicopter designs, and further evaluation of the selected variant
when comparing cargo or passenger helicopters of different gross-weight categories.

.



1.2.7 Criterion for Evaluating Operating Effectiveness of Crane Helicopters

Before examining the method for evaluating the operating effectiveness of a crane heli-
copter, we should note that such helicopters can be used in operations of varied nature.

Frequently, when performing installation work, hovering with a load represents the pri-
mary regime of flight, and thus makes up a large part of the operating time. An example of such
application is the scrubber installation performed by the Mi-10K helicopter (Fig 1.5).

Figure 1.5 Assembly of scrubber by the Mi-10K helicopter

In addition, crane helicopters find wide use in transporting oversized loads which will not
fit in the fuselages of cargo helicopters. A well-known example of such operation is transporta-
tion of the wings of the Tu-144 supersonic airliner by the Mi-10 helicopter (Fig 1.6). It is obvious
that the elements and performance of operations involved with transporting loads do not differ
in nature from those of passenger transports; therefore, the effectiveness of crane helicopter utili-
zation in such operations can be evaluated by the magnitude of reduced productivity as deter-
mined in Eqs (1.19) and (1.20).

Here, we shall examine only those aspects of crane helicopter operations which are basically
related to the hover regime.

When determining the lifting capacity of the crane helicopter, it is necessary to take into
account several characteristics associated with the conditions encountered in the performance of
assembly and erection tasks. There are two such basic conditions: ensuring the required hovering
duration when performing the specified operation, and operational safety in the case of failure of
one engine.
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Figure 1.6 Transportation of the wings of the supersonic airliner Tu-144 by the Mi-10 helicopter

The first condition is used to determine the possible gross weight as a function of engine
rating. Gross weight becomes maximal if anticipated time of assembly or installation cycle is
short enough to allow the engines to oprate at their takeoff power setting. However, if the
time required for performing the given task is longer than that permitted by the takeoff set-
ting, the gross weight and magnitude of the useful load are determined by the thrust corre-
sponding to engine operation at lower power. For example, at normal rated power. In the
second case, it is obvious that both the gross and hoisted cargo weights will be lower than
when using takeoff power.

A still further reduction in the gross weight and therefore, that of the hoisted load may
take place if, in order to ensure safety during crane operations, it is not possible for the pilot
to drop the load in case of an engine failure. This situation may arise during tasks performed
over operating facilities, or when people are under the foad. In this case, the gross weight and
useful cargo load are determined by performance corresponding to operation with the remain-
ing engine (or engines) at the maximum possible power; often called emergency power. These
requirements are so difficult to satisfy that on a helicopter which is not specifically designed
with a large power reserve for crane operations, the hoisted load may be close to zero.

Thus, depending on the operating conditions, there are three values of gross and conse-
quently, hoisted, weights which are possible for a crane helicopter.

First—the load which can be lifted when using takeoff power of the installed engines.
The load corresponding to these conditions is the maximum load. Second—the load which can
be lifted when using normal rated engine power. In this case, the load is lower than the first.
Third—the load which the helicopter can maintain in the case of an engine failure. In this case,
the load is still lower than in the two preceding cases. Considering these facts in examining
crane operations, we must consider the particular takeoff and cargo weights corresponding to
the specific operating conditions.

The magnitude of the load which can be lifted, transported, and placed within a-definite
time period should be used as the quantity characterizing useful work performed by the crane
helicopter.

As is well known, the product of a force and its time of action is called the impulse, or
momentum. Therefore, in order to perform an assembly operation in which it is necessary to
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place N loads weighing Gp’i' with time 7; required for each operation, the total impulse
becomes:

N
lg = Z Gpy T; (1.21)

i=q

Consequently, we shall use this total impulse as a quantity analytically denoting the amount

. of useful work performed by the crane helicopter.

The average productivity of the crane helicopter(s) performing this work can be defined
as the ratio of the total impulse to the time 7z expended on the entire operation.

Nera,, = /e = Z Gy TilT, (1.22)

When we consider a single operation of one helicopter, the productivity can be defined
as
Mere = Gpi Tess/Tre = Ry Gpy (1.23)

Here, the coefficient k1 takes into consideration the difference between the time 7,4
expended on assembly proper and the flight time Ty which also includes the time expended
in maneuvering before takeoff and after landing, and also the time required for flight to the
point of operation and return.

The relative productivity of the crane helicopter can be defined as the ratio of produc-
tivity to the takeoff (gross) weight:

ﬁcro = krGpilGeo = krap/' (1.24)

V.P. Petruchik! 7 proposes the use of the weight output of the crane helicopter as the
criterion for optimizing the parameters. We can see from Eq (1.24) that this approach is close
to that in which the relative productivity is taken as the criterion without accounting for the
time losses Ty and the amount of fuel required to perform the operation. However, the
weight of the fuel consumed in crane operations must be considered as it may account for 15
to 40 percent of the transported load weight.

As in the case of helicopter transport operations, the specific productivity can be used
as an optimization criterion for crane helicopters. However, in this case, the fuel economy
aspects are expressed indirectly through reduction of the load carried with an increase in the
operating time.

To obtain a criterion analogous to the reduced productivity of transport helicopters,
it becomes necessary to find the relationship between hourly fuel consumption and takeoff
(gross) weight in order to divide the relative productivity by the relative hourly fuel consump-
tion, which is independent of the gross weight.

Using the well ~known Vel'ner formula, we can obtain the following relationship be-
tween power and weight in hover:

N = JPGy/37.50, V4. (1.25)
From this, the hourly fuel consumption can be presented as follows:

Gam = VP, Ggr/37.57, £VA.
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The relative hourly consumption (1/hr-unit) becomes

Grum = VPcy/37.51,kV/A. (1.26)
Here, P = main-rotor disc loading in kg/m’:no = Figure-of-Merit of the main rotor (or

rotors); £ = power utilization factor; ¢, = sfc in kg/hp-hr; and A = relative air density.
Now, we can write the expression for reduced productivity of the crane helicopter:

Wore = Wora/Crum = krCoil(GrymlGar) - (1.27)

Substituting Eq (1.26) for 5,‘, /n+ We can represent the reduced productivity in the
following form:

M, = 37.5n, kky G VB/cgVP. (1.28)

When the specific operating conditions of the crane helicopter are unknown; on the
basis of the accumulated statistical data, we can assume that k= 0.5. Then,

M,y = 18.751,£G,VBlc,VP. (1.29)
The higher the reduced productivity of crane helicopters, the larger the relative load
which it can lift; the higher the Figure-of-Merit of the main rotor, the smaller the power

losses, specific fuel consumption, and disc loading of the rotor(s).

By using an external sling, conven-

I tional transport helicopters can perform
cra I A

20 > crane operations. Computed reduced

Mi-8 .. . .

productivity for the helicopters previous-

15 o ly shown in Fig 1.4 is given in Fig 1.7 as a

M? 4 M6 function of the year of their creation.

1.0 " These calculations were performed under

Mi-1 the following assumptions: hovering with

05’ foad at takeoff power; duration of hover

with the load, 10 minutes; duration of

) " 560 60 70 flight without lt?ad, 10 minutes; and fuel

YEAR OF CONSTRUCTION reserve for 20 minutes of hover.

Figure 1.7 Values of relative productivity of Soviet
crane helicopters vs yeers of their creation

1.2.8 Criterion for Evaluating Operational Effectiveness of Agricultural
Helicopters

The use of helicopters in agriculture in the USSR is expanding all the time. While in the
beginning, their use was limited to treating vineyards and orchards, helicopters have recently
been used extensively in the application of herbicides to the field andfor fertilization of win-
ter crops. The application of fertilizing at times considered optimal from the viewpoint of
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agrotechnology; i.e., in the spring when there is a lot of moisture in the soil and use of surface
vehicles is not feasible, results in a considerable increase in the yield.

The experience of the helicopter industry in the USSR and abroad shows that as yet
there is no serious need for the development of a special agricultural helicopter. Multipurpose
transport helicopters are modified for this work by externally installing additional equipment.
This approach does not provide an optimal helicopter for a given type of work, and this
appears to be a significant drawback of the established practice. On the other hand, the pres-
ent approach does have some advantages, primarily associated with the fact that agricultural
operations are performed seasonally and consequently, the specialized helicopter would be
destined for long down-times with the corresponding problems: how to occupy the crews
during idle times, and how to utilize the quite extensive supply of specialized equipment,
especially in light of the existing calendar limitations for their applications.

Use of the universal helicopters makes it possible to utilize them in the intervals be-
tween agricultural applications for liaison, transport, and other operations. Moreover, the
universal helicopters are always produced in larger quantities than specialized rotorcraft and
consequently, are cheaper, which is also very important, since the cost per hectare treated
determines in considerable measure the advisability of using the helicopter for this type of
operation.

The following discussion is equally related to the modified universal helicopter and
specialized agricultural helicopters.

When conducting agricultural operations, it is very important to accomplish the re-
quired scope of work in short calendar periods as dictated by the growing cycle. Therefore,
it is very important that expenditures of time associated with servicing the helicopter, pre-
flight preparation, and routine inspections are as small as possible, at least during their sea-
sonal utilization. On the basis of these considerations, it is best to take absolute productivity
as the primary criterion for the operating effectiveness of agricultural helicopters, and to
use relative productivity as a secondary criterion. ‘

Absolute productivity of agricultural helicopters can be defined as the area in hectares
{one hectare = 2.47 acres) treated by the helicopter per hour, while relative productivity is
defined as the absolute productivity divided by the gross weight.

When determining productivity in the following considerations, we shall examine the
time associated with performing four basic forms of operation which define the operating
cycle of agricultural helicopters.

First is the time 7'l expended on dusting or spraying; i.e., operations associated with
applying chemicals to fields. This is considered useful time since it is spent in performing
functions which are essential to the helicopter mission.

Second is the time 7, expended by the helicopter on turn-arounds after passing the
strip being treated. As a rule, treated fields are represented by parallel strips, one after an-
other.

Third is the time 7 required for takeoff, acceleration, and flight from the servicing area
to the field being worked and return, followed by deceleration and landing.

Fourth is the time T4 required for supplying the chemicals to the helicopter.

Here, we have not mentioned the time expended on fueling, as we are assuming that this
is accomplished with the engines not operating; i.e., with no expenditure of resources while,
in contrast, loading of chemicals is performed with the engines running.

On this basis, agricultural helicopter productivity can be defined as the ratio of the area
treated to the time expended for actual operation.
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Mo, = S/T=S/[Ty + T, + T3 + Te) {1.30)

where S is the area treated by a helicopter dispensing a complete load of chemicals (in hec-
tares); T is the time expended (in hours) on loading the helicopter with chemicals, takeoff,
and flight to the field being worked; working the field itself, and return for the next servic-
ing; and H,,, is the productivity in ha/hr.

Area S can be expressed as the ratio. of the helicopter load including chemicals, Ggp
(in tons), to the so-called chemical application norm, H, thus giving the quantity of applied
chemicals in tons per hectare:

S = Gp/H. ' (1.31)

As the helicopter traverses the field it treats a strip of length Ly, usually termed a pass.
The overall length Lg of the strips treated by the helicopter per servicing is

Ly = 105/8 (1.32)

where L ¢ is the overall length in km; B is the width of the treated strip, or swath width in
meters.
It is obvious that the number of passes over the field per servicing is

n'=Lyll,. ‘ (1.33)

Having these relationships, we can obtain expressions for the components of operating
time 7.
Time T, in hours spent applying the chemicals can be expressed in the following form:

T, = Lg/V = 10S/VB = 10G,,/VHB. | (1.34)

At first glance, one could come to an unexpected conclusion that productivity of

agricultural helicopters, calculated only on the basis of time 7 , is independent of the chemi-

cal load Gp and the application norm H. Indeed, by substituting the above expression for 7
into Eq (1.30), and assuming that 7, = T3 = T4 =0, then

M, =01VB. (1.35)

In determining 7,—the time spent on turns—we shall assume that after passing the

strip, the helicopter performs a turn with a bank angle of 46° without reducing its speed.

This means that the load factor is » = 1.47. In this case, the centripetal force is equal to the
weight, while the time for a complete turn in hours is

T2 =(1/3.6)(1/3600)(2n/9)V(Le/Lp) = 0.494'?0'3(SV/BLP) =0.4941073 (Gc,, V)/HBLp.
(1.36)
The time spent in flight from the service area to the field and back can be defined as

Ty = 2Lg/Vg, (1.37)
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where Ly, is the distance in km from the service area to the field; V4, is the average flight
speed in km/hr, determined taking into account the time lost in hovering, acceleration, and
deceleration. :

For simplicity, we shall assume that Vp = %V.

Finally, the time lost in loading the chemicals is determined by the amount of material
loaded and the productivity of the loading mechanism: :

Te = G,p/My (1.38)

where I1; is the productivity of the loaders in tons/hr.

Substituting Eqs (1.34), (1.36), (1.37), and (1.38) into Eq (1.30), and making simple
transformations, we obtain the following expression for productivity of the agricultural
helicopter:

n.’r = I/I(IO/VB) + 0.49'10-‘(V/BLP) + (4LfiH/VGch) + (H/ns)] . (1.39)

The relative productivity of the agricultural helicopter is obtained as the ratio of ﬂ“,
and the gross weight, G,,:

T, = M, /G- (1.40)

It is possible to take the individual quantities appearing in Eq (1.39) and evaluate their
influence on productivity. Increasing the flight speed leads to a reduction in the time ex-
pended on chemical application and on ferrying from the joading area to the field and there-
fore, the productivity increases. On the other hand, increasing the flight speed also increases
the time expended on turns, resulting in decreased productivity. Calculations show that the
optimal velocity from the viewpoint of productivity is higher than the usual helicopter speed
and therefore, an increase in speed improves productivity.

Further, the wider the swath width B, the higher the productivity. The total produc-
tivity also becomes higher with an increase in the pass length Lp, weight G, of the chemi-
cals, and productivity II; of ground-based loaders.

Productivity decreases with an increase of the chemical norm A and the distance (L)
from the loading area to the field.

The results of calculations based on Eqs (1.39) and (1.40) are shown in Fig 1.8. In
these calculations, the helicopter gross (takeoff) weight varied from 1 to 20 tons. The pass
length was assumed to be Lp- = 1 km. Ferry distance from the base was 3 km, and fertilizer
application norm was 0.3 ton/ha. Speeds were taken as 120, 130, 150, 170, and 200 km/h
respectively, for weights of 1, 2, 6, 12, and 20 tons. Productivity of agricultural helicopters,
II,,,, as calculated from Eq (1.39) is shown in Fig 1.8a for the above-indicated weights and
speeds; using three values of the swath width (B = 20, 30, and 40m), and with the assumption
that the loader productivity Il; = 50 ton/h. Fig 1.8b shows the relative productivity for B=
40 meters. It can be seen from Figs 1.8a and 1.8b that absolute productivity steadily in-
creases with gross weight, while the relative productivity has a maximum gross weight of
about 4 tons.

If, with an increase of the gross weight, we assume that the width of the swath and
ground loader productivity also increase in such a way that the following values of 8; 8 =
14, 16, 25, 40, and 59m; and TI; = 25, 50, 160, 300, and 500 ton/h correspond to the pre-
viously indicated gross weights, then the absolute productivity of agricultural helicopters
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Figure 1.8 Influence of gross weight on absolute and relative productivity of agriculitural helicopters

increases with an increase in Gaar as shown in Fig 1.8¢c. In this case, the relative productivity
Il“, (Fig 1.8d) also increases with an increase in the gross weight. However, for gross weights
higher than four tons, the rate of increase in relative productivity diminishes.

1.3 Production Effectiveness

The concept of technological effectiveness of any manufactured object contains produc-
tion effectiveness as one of its components. GOST 18831-73 defines the technological effec-
tiveness of a manufactured object as an assembly of such construction characteristics as mani-
fested by the possibility of optimal expenditure of labor, funds, materials, ant time expended
for technical preparation of production, manufacture, operation, and overhaul. This is done by
comparing the studied object with corresponding representatives of the same type. This defini-
tion includes the qualities characterizing production effectiveness (during preparation for pro-
duction and fabrication) and operational effectiveness {during operation and repairs).
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When examining productive effectiveness of a specific design, it is generally necessary to
evaluate the labor, capital, and material requirements along with the time expended in prepara-
tion for production, and duration of the production cycle. In the preliminary design stage, most
attention should be devoted to reducing the required labor.and increasing the planned coeffi-
cient of material utilization.

Each of the aforementioned factors is well known and widely used in practice. The pri-
mary difficulty in using these quantities in the preliminary design stage or when selecting an
optimal version of the design lies in the fact that at this particular time all the data and small
details necessary for concrete calculations are not yet known.

It is obvious that if we could develop simplified quantitative criteria for evaluating the
product, we could also develop (even in the early design .stages) a sufficiently accurate tech-
nique for selecting the optimal version from all possible variants.

1.3.1 Approximate Method for Determining Labor Requirements

In the design process of a flight vehicle, the designer must constantly resolve the conflict
between the requirements for obtaining minimal weight and ensuring acceptable labor expendi-
ture in the series of production.and operation. In analyzing different variants of any part or
component, it is important to compare them from the viewpoint of labor requirements during
manufacture.

We shall assume that the approximate relationship expressing the conditional labor
requirement T, for any helicopter component is

n=N
T, = E’ ReoMp v G, (1.41)
n-

where N is the number of individual parts of the given component; 7 is the part identification
number, k¢, is the coefficient of complexity of the given part; m, is the number of required
machining operations {turning, milling, etc.) of the given part; and G, is the weight of the part.

Of all the quantities appearing in Eq (1.41), only k., —the complexity coefficient—
is arbitrarily selected. It is recommended that its value be taken between 1 and 10, depending
on the complexity of machining operations and possible degree of mechanization and automa-
tion of the machining cycles which can be incorporated in the design, and.on the technological
process selected by the production engineer and designer.

The influence of size or weight of the component on the manhours required for its pro-
duction is examined in detail in Ch 4. Consequently, in Eq (1.41), we have used the result
obtained in Ch 4 without presenting any special proof at this time.

An approach such as that described above does not permit one to precisely determine
the component manhours required, but is quite acceptable for a comparative analysis of differ-
ent design variants.

1.3.2 Material Requirements

In all flight vehicle design stages, the designer must strive for the most economical use of
materials and the highest possible coefficient of their utilization. This coefficient is determined
from the formula

Rm.y = GrplG (1.42)

where Gy p is the weight of the finished part, G is the weight of the rough forging or casting;
and &, , is the coefficient of material utilization.
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The correct form for a solution of this problem depends in considerable degree on the
stage of development. As a rule, the manufacture of production articles is preceded by the con-
struction of experimental articles on which the correctness of the proposed design solution is
verified and finishing of parts and components is also accomplished. Therefore, the technical
documentation generated at the beginning of development is often directed toward the experi-
mental technological process since only a few specimens of the article are constructed. At this
stage, it is not always possible to achieve high values of the material utilization coefficient. It
‘should be noted, however, that major expenditures of material associated with the development
of a given helicopter will occur later; namely, when the machine enters full-scale production.
Therefore, during the design phase and particularly during the early stages, it is very important
that a careful examination be made of the future series production conditions and that plans
be made to incorporate the most progressive and efficient technological and manufacturing
processes.

The use of prefabricated parts obtained by precision castings or forgings, and other tech-
nological methods which do not require subsequent major machining operations, the use of
plastic parts in noncritical and nonstructural components, the use of glass and carbon rein-
forced plastic materials in structural components, and many other approaches makes it possible
to obtain high values of the material utilization coefficient.

1.4 Operational Effectiveness

The service life of any flight vehicle far exceeds the time required for its design or con-
struction. During its operational period, the helicopter or airplane performs the useful work
for which it was developed. However, the labor expenditures associated with operation are
also quite significant. For this reason, the problems related to improving operating conditions
and methods have recently received increased attention.

In examining the questions of design optimization in the early stages of design, it is
advisable to select, from the large number of criteria proposed by various authors, only those
which the designer can use to evaluate the operational efficiency of the new product, whether
it be an entire helicopter or individual components.

The concept of specific manhour expenditures for maintenance and overhaul satisfies this
requirement better than other criteria. In accordance with GOST 16503-70, this specific main-
tenance labor requirement can be defined as manhours expended in conjunction with a definite
period of operation of a given article. When applied to helicopters, this criterion can be refined
by referring the required average labor expenditure in manhours per one flight hour. The
smaller this quantity, the better the considered helicopter has been designed from an opera-
tional viewpoint.

The labor expenditure associated with operation can be arbitrarily divided into three
groups. The first group represents those tasks which can be scheduled in advance: the second
includes those for which time of performance cannot be planned in advance; and finally, the
third includes those tasks for which the time of performance is known, but the actual extent of
the work and associated manhours can only be approximated in advance, and further refined in
the actual process of performing the subject operations.

In the present standard practice of aeronautical operation and maintenance, some definite
tasks are performed as a means of assuring reliable function of the aircraft. These operations in-
clude preflight and postflight inspections, and postflight servicing, lubrication, and various
routine checks.
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The distinctive feature of these operations is the fact that the labor requirements can be
determined in advance, even during design. Moreover, this labor expenditure is, in conisder-
able degree, predetermined in the very design process.

Thus, the above-mentioned operations—directed toward keeping the helicopter in a flight-
ready condition through proper maintenance—constitutes the first ‘‘plannable’” group in-service
operations. The number of manhours required to perform maintenance can be established on a
mockup of the helicopter by time-motion studies of the individual operations which must be
‘performed in accordance with the operational documentation. By taking into consideration the
specified frequency of the individual operations, we can calculate the specific maintenance
labor output in manhours per flight hour:

Usme = 2;ti”i/’c’tba (1.43)
i

where Uyme is the specific maintenance labor expenditure in manhours per flight hour; t; is
the time required (in hours) to perform the i-th operation; P, is the helicopter TBO in hours;
and /7 is the sequential number of all maintenance operations performed between major over-
hauls during time Pgpo.

In the process of both operation and maintenance, one may discover various kinds of
deformations or damaged elements of the components, parts, systems, and equipment. These
discrepancies can be eliminated through adjustments, reworking, or replacement of the dam-
aged elements.

The process of eliminating these problems is termed repairs. The primary feature of these
operations is the fact that they cannot be planned in advance and therefore, we include the
manhours spent on such operations in the second group of labor expenditures. it is evident
that these labor expenditures can be defined specifically only through an operational analysis.
Therefore, in the design process, it is not possible to determine the specific labor requirements
for repairs. .

At the present time, there is a tendency in airplane and helicopter development practice
to specify the manhours required to replace the primary components and engines. This is based
on the practice that in the case of detection of a serious malfunction or significant deviation
of the system parameter from the accepted norm, it becomes advisable to remove the malfunc-
tioning part or component and correct the problem at a specified facility rather than to try to
perform the required repairs on the flight vehicle.

In this connection, particular attention is devoted to developing so-called modular designs
which can be broken down into relatively simple and easy 1o replace individual units or modules.

Thus, in order to achieve maximum design efficiency from the viewpoint of ensuring
minimal repair labor expenditure, it is very important to accomplish the design so that the
manhours involved in replacing individual parts or modules will be minimal.

The third group of functions associated with vehicle operation consists of major over-
hauls. While the operations involving replacement of components can be specified a priori, the
restoration of worn parts and similar tasks cannot be determined in advance.

In the process of designing a part or component, it is necessary to make provisions for the
special measures necessary to perform the operations associated with major overhauls. This in-
cludes proving the clearance margins necessary for installation of repaired parts having dimen-
sions larger than nominal, provisions for the replacement of bearings, and so on.

It should be particularly emphasized that the manhours required for maintenance, rou-
tine repairs, and major overhauls depend in considerable degree on such seemingly minor
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aspects as convenience of the location of the access panels and the means for fastening them,
the convenience and simplicity of checking fluid levels, assurance of access to subassemblies,
the possibility of removing one unit without disassembly of other units, and so on.

Thus, to ensure high operational effectiveness of the design, it is necessary to strive to
obtain the minimal specific labor requirements for maintenance, reduce the manhour expendi-
ture for replacement of primary components and systems, and also to reduce the manhours re-
quired for major overhauls.

1.5 Economic Effectiveness of Helicopter Operation

. The criteria examined above makes it possible to evaluate both projected and already con-
structed helicopters (transport for example) from the viewpoint of the individual functional,
production, or operational qualities. However, an overall evaluation of the design on a unified
basis, taking into account all the qualities of the machine, can be obtained only by using an
economic evaluation which determines the operating cost of the flight vehicle. By calculating
the cost of the work performed by a given helicopter, whether this be the cost per ton-km for
transport operations or the cost of treating one hectare by an agricultural helicopter, we obtain
a unified result—on one hand, reflecting the costs of manufacturing, major overhauls {amorti-
zation costs), and operation (costs of fuel and lubricants, routine maintenance, and flight crew
pay) and on the other hand, useful work performed.

Therefore, the cost of operations performed by helicopters appears as a generally accepted
criterion of the effectiveness of their utilization. This approach is not new. Even at the beginning
of passenger air transportation in the 1830s, this was clear to many authors who devoted their
efforts to the task of developing a relatively simple formulae reflecting the basic laws governing
cost variation and at the same time, establishing basic laws for calculating their cost. The
problem was posed in this way because of the fact that an exact calculation of the cost was
quite cumbersone and difficult to realize, especially when the task was directed toward evalua-
tion of several variants of a design in order to select an optimum version.

At the present time, the solution of this problem becomes much easier, thanks to the use
of electronic digital computers for engineering calculations. This makes it possible to perform
direct calculations of helicopter operating costs. The accuracy of such calculations depends
directly on the accuracy of the input data used. If, in practice, discrepancies are found between
the values predicted in the design process and those obtained as a result of actual operation,
the reason for these discrepancies is most often associated with inaccurate assumptions in re-
gard to the service life used in the calculation. They also may be partially due to the variation
in prices and wages with time, and refinements of some details of the maintenance process and
overhaul periods.

However, when we perform optimization of the parameters of a new helicopter design,
all the factors causing the aforementioned inaccuracies are the same for all the variants being
examined and consequently, have no effect on the comparison results.

The cost-per-hour of operation forms the basis for the cost-based evaluation of the air-
craft. It is customary to divide {or group) the operating costs into two parts: direct and indirect.
As indicated by E.A. Ovrutskiy’, such grouping is a result of the fact that the level of certain
costs depends directly on the technical and flight characteristics of the aircraft (weight, engine
power, cargo-carrying capacity, fuel consumption, type of structure, and so on). Other costs
are determined only in part by the type of airplane being operated (for example, amortization
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and maintenance of runways); they depend more on the overall voilume of transport, traffic
density, and other factors not directly associated with airplane characteristics. Consequently,
in developing a new design, the designer can basically influence only the first group; i.e., the
direct operating costs. Furthermore, in most cases the indirect costs are determined as a defi-
nite percentage of the basic costs and therefore, only the direct operating costs can be used
for design optimization. .

Knowing the hourly operating costs, we can obtain the cost-per-unit of the useful work
performed by dividing the costs per flight hour by the helicopter productivity;

C = C,,/N, ‘ (1.44)

where C = cost of the work performed; Cp, = operating cost per flight hour; and Il = produc-
tivity.

Procedures for calculating direct operating costs are presented in Ch 4. The need for
developing these procedures specifically for helicopters was caused by the significant differ-
ences in operating conditions and methods of calculating service life peculiar to rotary-wing
aircraft and its components {as opposed to airplanes).

1.6 National Economic Effectiveness

In the preceding section we examined the economic effectiveness of operation of an
individual helicopter. But what is the effectiveness of application of all the helicopters of a
given type in the framework of the entire national economy as a whole. The criteria of the
highest (third) level give the answer to this question.

The methods used in solving problems of this sort have been examined in detail by S.A.
Sarkisyan and E.S. Minayev'®, and A.V. Glichev®. The integrated economic evaluation method
has as its objective the determination of the most complete and rational utilization of national
economic resources to achieve the posed objectives. This approach takes into consideration the
following:

® prospects for advancement of the state-of-the-art, its technical effectiveness, and influ-
ence on productive capacity,
® time required for design, construction, and utilization of new articles,

® production capabilities of industry and prospects for the development of production
methods and technology,

® duration of manufacturing cycle of new vehicles, production volume, and labor require-
ments for their construction,

® achievement level and tendency for further changes in the areas of concentration, special-
ization, subcontracting, and distribution of production,
resources and production prospects of structural materials,

rational utilization of the material, and manpower resources available to industry,

® level of, and prospects for, development of the technical means and conditions of opera-
tion and utilization of new articles, and

® rational utilization of the material and manpower resources in the sphere of technology
applications.‘i

It appears to us that such problems are not among those which can be resolved in the pre-
liminary design office. They should be resolved by the customer’s scientific research organiza-
tion. For example, questions may be asked regarding the development of optimal types and
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sizes of flight vehicles forming a particular transport system, and then the performance re-
quirements for each type of aircraft belonging to the so-developed system.

1.7 Fields of Application of Criteria at the Various Levels

To obtain the optimal parameters of a new helicopter and to evaluate the influence on
its efficiency of any design changes taking place in the process of development, construction,
and ‘‘debugging’’, it is necessary, in the course of the entire operation, to monitor the basic
parameters of the machine and to select specific criteria for each step of the development.

The choice of the level of criteria, or selection of a particular criterion of a given level
for evaluating the degree of efficiency in performing the assigned task is determined in con-
siderable degree by the development stage of the project. in examining the period of develop-
ment and construction of any aircraft, starting from the moment of conception of the idea
of such a vehicle and terminating with the completion of flight testing, we can identify three
basic stages in this process.

The first stage involves determination of the requirements for the new flight vehicle
and justification of its basic characteristics. In this stage, as applied to the helicopter, one
formulates and specifies such important characteristics as the load capacity, flight range,
. cabin size, cruise and maximum speeds, hovering and forward-flight ceilings, number and type
of engines, reiiability level, operational characteristics (for example, the required life of pri-
mary components), maintenance manhours, and frequency of basic overhauls. The first stage
terminates with formulation of the tactical/technical specifications for the new flight vehicle.

Since, in this period, all the requirements are formulated by the organizations respons-
ible for ordering, buying, and then operating the helicopters, these organizations are primarily
responsible for developing techniques which make it possible to optimize any posed probiem.

in the early stage of flight vehicle development when the idea of building a machine of
a particular size is generated, and the future transportation system is planned taking into
account the total number of such helicopters, the proposed annual production rate, the opera-
tional load factors, and the depreciation life, it is best to use the criteria of the third and
highest level which takes into account the maximum paossible number of basic factors deter-
mining the effectiveness of the system in the framework of the overall economy of the country.

However, in the present study, when examining the problems facing the design office
in developing a new flight vehicle, we shall not consider the third-level criteria—assuming
that they have been developed and used in the customer's scientific-research organizations.

The second stage begins with formulation of the tactical-technical requirements in the
experimental (preliminary) design office. This period of the study is characterized by very
ciose interaction between the experimental design office and the customer. In order to ascer-
tain that the requirements are attainable and based on concrete studies, the design office
works out the preliminary design—usually called the technical proposal. In the process of this
design analysis, the basic structural, serodynamic, and weight parameters of the new heli-
copter and its components and systems are established. On this basis, some aspects of the
tactical-technical requirements are refined, taking into account the realistic industrial capa-
bilities at the given time frame. This phase terminates with formulation of the final tactical/
technical requirements. Then begins the period of preliminary design and mockup of the
vehicle. At this time, the final values of the basic parameters of the helicopter are worked
out, and individual systems are refined. This work terminates with construction of a full-
scale mockup in which final integration is accomplished. The mockup makes it possible to
evaluate the suitability of the cargo cabin for loading and placement of the planned cargos,
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convenience of passenger seat arrangements, cockpit evaluation, placement of the instruments
and controls, visibility, and so on. The mockup can also be used to work out solutions extreme-
ly important for future operation design; e.g., location of access panels. It is also possible to
determine the time required for replacement of the various components, and the relative posi-
tioning and operating conditions of these basic components and systems can be checked out.

Optimization of the parameters of the future machine is performed during the second
stage of design. It appears that the following sequence of calculations and project-design studies
is most advantageous.

First of all, using methods and analytical relationships presented in Ch 2, it is necessary
to determine the parametric ranges which will satisfy the performance characteristics speci-
fied in the tactical/technical requirements. The most suitable criterion for resolution of this
problem in the case of the transport helicopter is the magnitude of the payload for a given
flight range and takeoff weight, or the weight ratio based on transportable load for a given
range. _

Calculations show that the variation of the payload as a function, for example, of the
main rotor diameter for constant takeoff weight and different number of blades is, in many
cases, described by a quite-flat curve near the optimal payload load value. Thus, we can see in
Fig 2.72 that for a tandem-rotor helicopter with a takeoff weight of 12 tons and a 370-km
flight range, the payload load varies from 2.45 tons for 13-m diameter and 5 or 6 blades, to
2.65 tons for 16-m and 5 blades and finally, to 2.4 tons for 20-m and three blades. There-
fore, we can examine diameters differing in both directions from that corresponding to the
extremum.

In this respect, for the transport machine, for example, it is advisable to examine the
possible solutions by using the previously proposed transport effectivensss criterion. As a rule,
in such an examination, different results are obtained for solutions located on opposite sides of
the extremum representing the useful load ratio. Thus, the region of admissible solutions can
be narrowed. For this narrowed region, it is advisable to calculate the cost of the performed
operations in order to obtain the final optimal solution.

It is advisable to perform these computations according to the indicated sequence during
the preparation of technical proposals and preliminary design, as well as when refining the
design during the mockup stage.

As a result of the mockup study performed by the experimental design office and the
customer, a document is formulated which defines as completely as possible the basic char-
acteristics of the future helicopter. This document enables the designer to begin work on the
detail design leading to the third and final stage in the development of the new machine.

The third stage includes the release of final drawings, construction, and flight tests of
the new machine. .

The working design must take into consideration the results of verification tests of the
individual critical elements of the structure and systems. Experience in the Soviet and foreign
helicopter industry confirms the necessity of creating various facilities and stands on which
tests of various types are performed.

in the working design process the designer, on one hand, relies on the scientific and
experimental data accumulated prior to initiating the design and on the other hand, where
assumed solutions have been made, he attempts to obtain experimental confirmation of the
validity of the assumptions as quickly as possible. In this connection, the first-fabricated parts
and components are, as a rule, stand-tested to verify their load-carrying capacity and to dis-
cover any weak spots which must be reinforced prior to their use in the first-flight article.
Figs 1.9, 1.10, and 1.11 show typical stands for dynamic tests of a blade segment, pitch-
bearing housing, and wear tests of the swashplate assembly of the Mi-6 helicopter.
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Figure 1.9 Stand for dynamic testing of the Mi-6 helicopter
main rotor-blade segments

Figure 1.10 Stand for dynamic testing of the pitch-bearing housing
of the Mi-6 helicopter main rotor hub

It has recently become obvious that it is necessary to construct a replica of the entire
helicopter in order to conduct the fatigue tests necessary to ensure the required service life
of the entire airframe; not just of the components which are subjected to the highest dynamic
loads.

The results of such comprehensive tests are used as the basis for issuance of the final
drawings, from which the first experimental models of the helicopter are constructed for flight
testing. '
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Figure 1.11 Stand for testing swashplate wear

In the process of flight testing, additional detail problems which could not be foreseen in
advance, may appear. It is necessary to update the loads on the individual components; look for
solutions to new problems associated with aerodynamics, stability and control, operating condi-
tions: and so on. All of these factors again lead to the necessity for refinement of the drawings
and basic specifications of the aircraft.

At this stage, the designers cannot alter the basic parameters of the helicopter under de-
velopment. The primary objective of this period is to assure that the previously determined
basic technical and flight characteristics, primarily weight, are met. Consequently, in order to
assure that this all-important parameter of the aircraft does not exceed the previously established
limits, weight control and accountability for weight changes, etc., are established.

During work on the third stage, it is necessary to assure that the requirements of the
tactical /technical specifications or internal decisions by the design office management regarding
values characterizing the technical and operational effectiveness of future helicopters are ful-
filled.

And, finally, since it is only toward the end of the third stage in the development of the
flight vehicle that its final technical characteristics are known, it is advisable, at this stage, to
make a series of additional calculations in order to more precisely determine the previously
obtained operating costs. This would permit one to incorporate all of the previously performed
work in the final results.
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SELECTION OF OPTIMUM TRANSPORT
HELICOPTER PARAMETERS AND CONFIGURA-
TION BASED ON MAXIMUM USEFUL (TRANS-
PORTED) LOAD

2.1 Introduction

The primary objective of this chapter is to present a procedure for selecting the optimum
parameters and configuration of a transport helicopter on the basis of maximum useful pay-
load. This procedure is illustrated by several examples related to the questions most often
encountered in design practice such as selection of main and tail rotor diameter and number
of blades, helicopter configuration, and comparison of the pure helicopter with the compound.
It should be noted that the conclusions drawn on the basis of the calculations related to these
examples are also of interest in themselves.

" In solving the problem of selecting optimal parameters and configuration of the flight
vehicle, it'is necessary to precisely define which of the parameters vary, which configurations
are examined and which factors remain constant.

In comparing helicopter configurations, the authors have limited themselves to only
those types with the development of which they have definite experience. Other configura-
tions; for example, helicopters with convertible rotors—although possibly quite interesting—
are not considered here. _

The possible variation of flight vehicle parameters is usually restricted to a quite narrow
range by their upper and lower constraints. Quite often, the optimal parameter value may be
obtained at the maximum or minimum limits determined by existing constraints. In this case,
there is no point in varying this parameter, and we limit ourselves to explanation and confirma-
tion of the fact that the optima! value of the given parameter coincides with its allowable limit.

in addition, many aircraft parameters depend on other variable parameters and on the
specified flight and other technical characteristics. In particular, the required installed power
of the engines is treated as a dependent parameter in all the considered examples, and examples
related to a selection of aircraft parameters around a given engine are not studied.

Thus, the problem reduces to a comparative evaluation of helicopter configurations
and parameters with variation of the rotor diameters (with corresponding variation of their
mutual positioning) and number of blades. Also included in a selection of the optimal param-
eters are design schemes and structure of the individual helicopter components and systems
within specified technical and flight requirements.

When varying these helicopter parameters, we take into account all of the associated
changes. For example, when the main rotor diameter is changed, it is necessary to account,
not only for the variation of blade and hub weights which are related to the magnitude of
centrifugal force, but also to take into consideration changes in dimensions and consequently,
the weight of the airframe, main gearboxes, and other helicopter components.

In addition to the specified flight and technical characteristics, the following invariants
are assumed: technical level of design, range of applicable materials, skill, and quality of the
production facilities which determine the possibility of manufacturing helicopter parts and
components on a determined technical level.

The design and fabrication of modern aircraft can be accomplished at different levels
of structural weight efficiency. The use of new and stronger materials, and transition to more
modern, but at the same time more complex, technological processes may yield marked struc-
tural weight savings.
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However, we must keep in mind that there is a definite inter-relationship between
weight efficiency and structural cost: the more advanced the structure in regard to weight,
the more expensive the structure, and the helicopter becomes more complex and costly to
operate.

Therefore, it appears that the most rational helicopter designs are those which use
modern, but not very expensive materials which do not require: the creation of highly special-
ized series production facilities. . '

This approach, although leading to the development of helicopters with moderate weight
ratios no higher than 40 to 46 percent, does not create significant difficulties in production
nor a marked increase in the helicopter cost. Consequently, this is the approach taken in this
chapter.

2.2 Weight Analysis
Formulae and Brief Justification for Helicopter Weight
Determination of Basic Components and Systems

Regardless of the criteria used when selecting optimal helicopter parameters, the magni-
tude of the useful load (payload) which the helicopter can transport over the required distance
must be determined. This quantity cannot be obtained without a weight analysis. Therefore,
weight analysis is a basic ingredient of any method for determining optimal flight vehicle
parameters.

To this end, weight calculations should be made in the initial stage in the development
of the preliminary design. Experience shows that it is not possible at this stage to bring the
design to a level where detailed weight calculations of the components and systems are possible.
This can be done only after releasing working drawings which have been thoroughly checked,
both from the viewpoint of manufacturing feasibility, and strength. Therefore, in the pre-

liminary design stage, the weight is determined using simplified relationships usually called

weight prediction formulae.

Development of such weight formulae is based on the fact that knowing the overall
helicopter dimensions defined by the layout, the weight of any component or system is de-
termined either by the loads acting on the component—associated with the selection of the
cross-sections required for strength or stiffness—or by other known relationships which can
also be represented by formulae. _

In this weight estimate, it is very important that the weight formulae reflect all the
basic conditions and limitations encountered in the actual design in spite of the fact that the
weight formulae as a rule do not include all the factors influencing the weight, but only the
characteristic dimensions and the primary loads that determine the cross-sections of the parts.
In addition, the obtained formulae are quite simple, yet still reflect the similarity laws for com-
ponents of different dimensions.

It should be noted that weights of the same type components depend on their layout,
successful or unsuccessful design, selection of component dimensions which are not necessarily
related to the overall helicopter size, but are still influenced by the type of materials and loads.
However, in the weight-prediction formulae structured as previously described, all of these
factors can be accounted for only through proper values of the coefficients appearing in the
formulae. These coefficients will be called weight coefficients.

Consequently, in this approach, the weight coefficients become a measure of the weight
efficiency of a given component. However, in order to use the weight coefficients in this
fashion, it is necessary to determine the scale effect on the weight of the component.
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It is important to establish whether it is possible to design a new component of different
dimensions—but still similar to its prototype—using the same specific loads and stresses. It turns
out that this can not be done since the stiffness characteristics associated with component wall
thickness does not vary proportionally to the scale. Consequently, the critical buckling stresses,
which obviously vary approximately as the square of the wall thickness, will not remain the
same. Therefore, with reduction of the overall component dimensions, we can not vary the
wall thickness by the same factor. In a small part, the walls must always be relatively thicker
than in a larger part. The manufacturing and operational limitations have the same influence
and da not permit a reduction in the wall thickness below definite limits.

Consequently, the similarity laws do not apply, and the small component is, as a rule,
relatively heavier than the large one. This effect must be taken into account in the weight
formulae; thus leading to deviation of their structure from that resulting from the similarity
laws. The magnitude of these deviations can be evaluated on the basis of refined calculations,
one of which is presented as an example in Ch 3, or on the basis of statistical weight analyses
of components having different dimensions, but designed on the basis of the same principles
and fabricated under the same conditions.

Therefore, we propose a dual approach in the weight calculations: in one case, the scale
effect is taken into account only by specifying different values of the weight coefficients
depending on the size; while in the other case. account for this effect is achieved by changing
the power to which the parameter defining the component size is raised, but the weight coeffi-
cients remain constant regardless of the size of the component.

Only the basic characteristic dimensions of the component and the primary loads that
determine the cross-section areas of the parts appear in the weight formulae; consequently,
when changing the other dimensions and loads, and also when introducing some specific fea-
tures into the component which alter certain secondary functions, the weight of the com-
ponent may change. However, these possible changes would not show up on the weights de-
termined from the weight formulae. In this sense, we can speak of accuracy of the weight
formulae associated with incomplete accounting for all the factors which influence the weight.
However, in many cases, these factors can be taken into account on the basis of existing exper-
jence through suitable correction of the weight coefficients. Therefore, analysis of the possible
calculation errors with account for all influencing factors and the available design experience
convinces us that the weight calculation is quite accurate. It appears hence, that the presented
formulae need hardly any serious refinements as far as selecting the optimal helicopter param-
eters and configuration is concerned.

We note in passing that judging weight formula accuracy on the basis of the scatter in
the values of the component weight coefficients is not justified. This is due to the fact that
those components were developed at different times and by different design offices according
to different configurations with the use of different materials and fabrication methods. This
scatter is associated primarily with the differences in the component developmental conditions
and not with the accuracy of the formulae.

Sufficiently accurate weight formulae open up broad possibilities for varied applications.

The helicopter industry has been around for a long time. About a hundred different heli-
copter types have been produced with components and systems which are similar in purpose
and construction whose weights are known. Following the advances in design and the general
development of technology, the weight of helicopter components is continuously decreasing.
By using the weight coefficients appearing in the formulae, we can observe the dynamics of
the variation of weight characteristics of the components and systems as a function of the year
of their introduction and indicate what their weight should be for the contemporary design.
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This provides a very necessary guideline, directing the designer toward the development of com-
ponents and systems having up-to-date weight characteristics.

The possibility of evaluating helicopter weight using weight formulae permits one to con-
duct broad studies in selecting the optimal parameters of new helicopter designs and to perform
a comparison of the various configurations of rotary-wing aircraft.

It is quite obvious that the weight calculations can be made only in combination with
the development of specific helicopter configurations, taking into account those requirements
which result from aerodynamics, structural strength, necessary stiffness, and advances in allied
fields of technology which determine the possibility of developing certain helicopter compon-
ents. Specifically, in the preliminary layouts one determines the dimensions which are necessary
for calculating the structural characteristics and weights. Therefore, when examining specific
examples we, as a rule, use a specific configuration which appears to us as the most suitable
of all the considered ones, and point out those limitations which this configuration encounters.

In addition to the weight formulae and their justification, we shall present in this sec-
tion some statistical data on the weights: of several basic helicopter components and systems
in order to evaluate the achieved weight level and to illustrate the possible scatter in the weight
values.

We shall examine the weight formulae and present a brief justification of these formulae
for all the basic helicopter components and systems.

2.2.1 Main and Tail Rotor Blades

Just as in the design of all other helicopter components, the designer strives for maxi-
mum reduction of the blade weight. This effort is especially justified in the present case since
the centrifugal force acting on the rotor hub and consequently, the hub weight, depends on
the weight of the blade.

However, on the way to blade weight reduction, definite limitations appear which de-
pend on blade dimensions: its chord and the rotor radius. One limitation is determined by the
allowable values of blade mass characteristic 7, {Lock number); the other is determined by the
minimal achievable structural and technological weight of the blade.

The level of the alternating stresses acting on the blade and the margins available in cer-
tain unstable modes (torsional~flapping and inplane flutter, divergency, and so on) depend on
the blade mass characteristic

Yo = €FPoboa R* 1214, 2.1

where c% = slope of the lift-coefficient curve; p, = air density at sea-level standard; b, ; =
blade chord at the relative radius, 7= 0.7; R = rotor radius; and I, , = blade moment of inertia

about the flapping hinge.

Other conditions being the same, retention of the 7y, values guarantees the same level of
alternating stresses in the blade and therefore, becomes a very important criterion in evaluating
blade weight.

If we express Iy, =k G, R? where G, is the blade weight, we can write

Yo = €$pobo.1R?[2k1Gpy, (2.2)
hence, the overall weight of all the blades is
Z Gy = kyoR? (2.3)
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~ where
kps = €y PoTt/2RpYo.
The weight of a single blade is given by the following formula:
Gy = (1/m)kp b0 R, (2.4)

We note that the weight coefficient k,, appearing in Eqs (2.3) and (2.4) is, for instance,
inversely proportional to the blade mass characteristic 7v,. A constant relationship between
them is maintained for the same laws of weight distribution along the blade length when

k; = 7’,,,,/y=€0"5t, where 7z = Igp/R,

and /¢, = the blade radius of inertia.

In determining 7, . the values of cg' are assumed to be constant and equal to c?; = 5.75/
rad. .
The values of the weight coefficient k,, for several existing blades are shown in Fig
2.1. The corresponding values of the blade mass characteristic v, are also indicated. From a
comparison of the values of k,, and 7, , we can draw a conclusion as to the degree of their
nonproportionality.

Since normal operation of the main rotor, with the exclusion of the aforementioned
unstable modes, can be ensured only with values of the mass characteristic no larger than
Yomaex —8t the present time, this value is assumed to be 7o, = 7.0 for the main rotor blades—
one can also introduce the concept of a minimum possible value of the weight coefficient
Rblmn Then Eqs (2.3) and (2.4) must be supplemented with the constraint that

R 2 Rolmin: (2.6)

For the main-rotor blades, we shall assume that k. = 5.5 corresponds to Yg,,, .-

However, with few exceptions {see Fig 2.1), the weights of nearly all production blades
are higher than those determined from the above-given kp,, .. value. This can be explained
both by the desire to reduce the alternating stresses acting in the blade spar which decrease
with reduction of the 7, value, and by the fact that another limitation—the structural-
technological limitation—becomes more critical. This limitation is associated with the minimal
allowable wall thickness of the blade parts. The thickness of the spar walls can not be reduced
below definite limits for both manufacturing reasons and because of loss of wall stability re-
sulting from the blades hitting the stops. The wall thickness of the other blade elements also
cannot be reduced because of operational and strength considerations. These, and several
other constraints of a structural and technological nature lead to a relative increase in the
weight of the small blades. Therefore, the value of the kp, coefficient is usually higher for
small, and lower for large blades (see Fig 2.1 and Table 2.1).

This question is examined in more detail in Ch 3, where the minimal achievable struc-
tural-technological weight of the blade is determined from analysis of the weight breakdown
of two types of construction.

it follows from this analysis that for the blade with tubular steel spar and fiberglass
shellin the chord range of b =~ 0.45 to 1.0m, and those with extruded aluminum spar in.the
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chord range of & =~ 0.25 to 0.8 m, the dependence of the minimal achievable weight on the
parameters can be approximately described by the following formula:

bl = orb""RIT + ;RO —2)] (2.6)

where g%, is a coefficient that depends on the type of blade structure, R = R/R,; and the value

of R, is arbitrarily taken as R, = 16m.
For aspect ratio A < A, , the expression in the square brackets is arbitrarily taken as

equal to one.

It will be seen from Ch 3 that the values of the quantities appearing in this formula can
be taken as follows: R\, = 20, a) = 0.015 for the steel-spar blades, and R\, =124, ay =
0.011 for extruded-aluminam-spar blades.

For blades having the same aspect ratios

\ = R/b = const, (2.7)

this formula can be transformed into the following formulae:

(ZGp) pyy = k51 0R* 1T +apR(A—2)] (2.8)
and
Goipin = /MK brbo 2R™"[1 + xRN = 2o)] {2.9)
where
k* = kpRO3 11+ ayRA =2 )] (2.10)

It is obvious that for the same values of E‘b,, the blade mass characteristic 7, of larger
diameter rotors will be larger. Both the alternating stresses and the tendency of the blades to-
ward various types of instabilities associated with the larger values of 7, will be correspond-
ingly greater in such blades. Therefore, when using Eqgs (2.8) and (2.9), as well as Eqs (2.3) and
(2.4), the conditions of Eq (2.5) should be fulfilled. It follows that

Fot 2 EplpypRO3 /1T + a)RIN=2p)] . (2.11)

Egs (2.8) and {2.9), obtained from the consideration of only two types of blades and
developed under the assumption that A = const, sufficiently well reflect the general tendency
of reducing the weight of the blade with increasing diameter of the rotor as can be seen from
examination of various blade constructions (Fig 2.2) having not exactly the same aspect ratio,
but varying within the approximate range of A = 76 to A = 20and, in particular cases, even
exceeding that range (see Table 2.1). This is apparently explained by the fact that, as a rule, the
optimal construction is selected for the assumed blade size and aspect ratio. Therefore, the
differences in blade weight associated with the influence of aspect ratio are, in large measure,
concealed.

Hence, it follows that when comparing helicopter designs and selecting the optimal
blade type for each dimension, Egs (2.8) and (2.9) can be used. However, if we examine blades
of only one particular type, we must take into account the differences in their aspect ratios
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Figure 2.2 Lifting-rotor blade weight coefficient, k';,,, without éomldmdan of
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which have a definite influence on their weight. In this case, it is .necessary to use the more
precise formulae which follow from Eq (2.6):

ZGp = (K A"V oR* [T + ayR(N=2)] (2.12)
and : .
Gor = (K% /m(R)° 7160 1RVT[1 + a\RIA=2,)], (2.13)
where
A = M,y while Ayy = 18, and k%, = uq‘},,”gOﬂ. (2.14)

Just as Eqgs (2.3), {2.4), {2.8), and (2.9); Eqs (2.12) and (2.13) are valid only for the
region where Ky & Kpy,, ;. Therefore, the coefficient k%, can not be smaller than the value
obtained from the condition given by Eq (2.5) and determined as
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Ky 2 AR kyy 117+ @y RIN=20)] . (2.15)

The values of the blade weight coefficients with account for the difference in their
aspect ratios are shown in Fig 2.3. Here the hatched lines represent the values of the weight
coefficients k%, corresponding to the condition kg, ;, = 5.5 for the indicated blade aspect
ratios.
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Figure 2.3 Lifting-rotor blade-weight coefficients k';,, considering the variation in blade aspect ratio.
Hatched area denotes improved (weight-wise) blades having sither extruded Duralumin or tubular-
steal spars with fiberglass envelope; broken lines indicate boundaries of the minimum permissible
blade weight resulting from the 7, =~ 7 condition (Ry,; = 5.5). Tail-rotor k;, values are also shown.
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It is interesting to note that a large part of the operational blades with steel-tube and
extruded-Duralumin spars have weight coefficients k‘;,, no smaller than those defined as corre-
sponding to the contemparary level. Only the S-65 helicopter blade is somewhat lighter.

Attention should be called to the fact that using advanced materials, several experi-
mental blades of relatively small aspect ratios that are markedly below this level have recently
been constructed (Fig 2.3). We note that it was not possible to achieve a similar weight reduc-
tion for the Mi-6 blade since, in blades weighing 540 kg, a value for the mass characteristic
has already reached a value of 7, = 7. Hence, it follows that the blade design with a steel-tube
spar and fiberglass envelope used in this case is optimal for this blade size.

One may hence conclude that taking advantage of already-realized blade projects and
analysis of the data presented in Fig 2.3 for blade designs with steel-tube and extruded Dura-
lumin spar and fiberglass envelopes—manufactured at the modern level—the following weight
coefficients can be achieved:

*, =726..138 {2.16)
which corresponds to
ky = 55..60 at R=16m and X\ = },,.

It is obvious that blade weight is influenced by the selected rotor tip speed, Ur = wR.

With an increase in the tip speed, the centrifugal force increases, and an increase in
wall thickness in the central part of the spar (loaded in tension) may be required. Some beefup
of the blade envelope may also be necessary.

The techniques discussed in Ch 3 lead to the conclusion that for the blade types exam-
ined in Ch 3, the weight of lifting-rotor blades increases markedly as tip speed exceeds the
normal value of U, , = 220 m/s.

In order to account for this effect for U, > U, ,. Eq (2.12) is rewritten as follows:

ZGp = Wh M) oR* 71 +a RN =AM [T + 0502 - T,*) (2.17)
where
Up = UUty, Upy = UpplUs,, Uy, =220ms.

If Uen = Uy, . then U =], and the expressions in the square brackets can be used only
when R\ = R)\o and U, > 220 m/s. Eq (2.17 is also valid only when the condition of Eq {2.5)
is satisfied.

Detailed comments on the use of these formulae will be presented in Sect 2.5.1.

2.2.2 Main Rotor Hubs

The main (articulated) rotor hubs consist of the centerbody and the “arms’’ components
which, in turn, consist of pitch-bearing housings with other hinges and blade-attachment joints.
The weight of the arms usually amounts to more than 85 percent of the hub weight. Therefore,
it is important to determine the arm weight, and then the centerbody weight can be taken as
approximately proportional to the pitch-bearing housing weight. In determining the pitch-
bearing housing weight, it is important to establish which of the loads acting on the hub (cen-
trifugal force or bending moments} determine the cross-section areas of the parts forming the
housing.
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In comparing these loads it is convenient to represent the alternating bending moment in
the form of the product of the centrifugal forceand the arm e. in this case, the stresses from
the centrifugal force can be found from the formula:

o = 1/a, 8d (2.18)
and the stresses from the bending moment, .from the formula:
Openg = t&/as8d° (2.19)

where & and d respectively, are the relative wall thickness and the relative overall dimension of
the pitch-bearing housing section (Fig 2.4a);

where Ny, = blade centrifugal force; a, and a, are coefficients accounting for the shape of the
cross-section.
For a cylindrical section,

a, =7, anda, = n/4. (2.21)

The relative arm of centrifugal force characterizing the magnitude of the alternating
bending moment is

e = e/\/Np;. (2.22)

Statistical values of € for various helicopters usually show that € < 0.045.

In Fig 2.4b, the values of the minimum allowable relative wall thickness & and the
overall dimension d are shown by assuming that the maximum allowable centrifugal force
due to stress is Og.¢r = 15 ... 20 kg/mm?, and the maximum allowable alternating bending
stress is Opgpg = £6 kg/mm?*.

A supplemental condition in hub design is that the hub parts must enclose the pitch
bearing (see Fig 2.4a).

If we assume that the supporting surface of the bearing is approximately equal to one-
half of the area enclosed by the outer contour of the pitch-bearing housing section,

F, sup.bear = §Fcross

where ¢ =~ 0.5, then the relative outside dimension of the section must not be smaller than

d=1Va,Eq (2.23)

where a 3 is a coefficient which depends on the section shape (for a cylindrical section, a, =
n/4); q = allowable specific load on the supporting surface of the thrust bearing.

In Fig 2.4b, the minimum value of d is shown for the case when q = 300 kgfcm®.

It can be seen from this graph that stresses due to the centrifugal force become the
governing factor for the parts enclosing the bearings.

Therefore, the section areas of these parts and their weight-per-unit length are propor-
tional to the centrifugal force, while the pitch-bearing housing weight is proportional to Noithus;:

i.e.,
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Garm = RarmNbi1Thub ' (2.24)

where 7y, is the length of the arm along the blade radius.

Consequently, to reduce the hub weight we must reduce the arm length as much as
possible. .
Two constraints are encountered here. First of all, it is obvious that the arm length can-
not be shorter than the overall dimension of the hinge fittings when the latter are located as
close as possible to the body. In addition, for the assumed angle §,,,, of blade deflection
about the lead-lag hinge, the offset of this hinge (£, ,) cannot be reduced and must be kept un-
changed for constant values of wR and t,. and be proportional to the maximum main-rotor
torque (Mg, ):

Yp = kMg - (2.26)

In the case of hinges which are as close together as possible, the hub arm length is de-
termined by the overall dimensions of the hinge brackets, proportional to

thub = RryypVNot- (2.26)

In this case, the hub weight can be determined from the well-known Leikand formula,
= 3/2

Ghub = Rnub Zo1Nb1 (2.27)

where N, = blade centrifugal force in tons.

- 4 : However, realization of near-perfect
N closeness of the hinges is not possible for
R N several reasons. There is not enough exper-
{ jence in operating helicopters with hubs
having reduced vertical hinge offsets and
large angles, £,,,,- There is also a lack of
flight experience with hubs exhibiting
nontraditional (for Soviet helicopters) hinge
sequence, which markedly reduces the
arm length for given £ 5, as has been done in
the hubs of the Chinook (flapping hinge,
feathering hinge, and lead-lag hinge) (Fig
2.5) and Flettner (feathering hinge, flapping
hinge, lead-lag hinge) helicopters.

Figure 2.5 Hub of Chinook Helicopter®3: (1) flapping
hinge; (2) feathering hinge; (3) lead-lag hinge

In addition, shortening of the arm, particularly for multibladed rotor hubs, involves
difficulties of a configurational nature. To illustrate this, Fig 2.6 shows two main rotor hubs
having a different number of blades, but with the same values of the overall centrifugal force
ZpNp,. and designed for the same torque Mal, ,

In spite of a reduction (by a factor of 5/8) in the centrifugal force acting on each blade
of the main rotor with zp, = 8, the arm length could not be reduced both because of the
necessity to maintain the same value of 2,.». and because of the lack of space for the hub arms
as the hinges are moved closer to the body of the hub. Therefore, the hub arm length obtained
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Figure 2.6 Schemes of multibladed rotor hubs with 5 and 8 blades having the same Ql.h and designed
for the same torque and oversll value of centrifugsl force

as a result of design efforts would depend on the general level of knowledge and experience
of the helicopter manufacturer, as well as on the qualifications and skill of the designer.

Consequently, in evaluating the achieved design level, we can use the coefficients appear-
ing in the following formula:

Gpup = R hubZoiNoiR {2.28)

which was obtained from Eq (2.24) by expressing the arm length in terms of blade radius.

However, if one considers determination of hub weight for different values of the
centrifugal force where the magnitude of the main-rotor torque does not prevent the hinges
from being quite close together, we can use Eq (2.27).

It follows from this equation that for a given value of blade centrifugal force Ny, the
hub weight is directly proportional to the number of main rotor blades z,,, or the number of
hub arms. However, design experience shows that for multibladed rotor hubs, this dependence
is violated somewhat and the hub weight per arm does not remain constant, but rather in-
creases with an increase in the number of arms. In order to take this circumstance into con-
sideration, we can introduce the coefficient k,b, into the formula for calculating the hub
weight in the form suggested by Leikand:

Ghup = khubkzg,;zb/(’vb/)m (2.29)
where
kzbl = ] for Zpy g 4;

and
kapy = 1 + &, (201 —4) for zp; > 4. (2.30)
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The coefficient £, can be taken as equal to 0.05, although several studies indicate
that it may be smaller.

The weight coefficients k,, for various Soviet and foreign helicopter hubs are pre-
sented in both Fig 2.7 and Table 2.1. For hubs with zp, > 4, the weight coefficients are de-
termined by Eq (2.30) in which the value &z, = 0.05 was taken.

Ghub
k = kg/ton®?
hub = 7,111 + 0.05(zp, —4)INp?’
m | .53] Mis4 O- prot'iuction ‘ ] I
{fro trotor) o L ® ¢_’ pro;ectt‘ single-rotor
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Figure 2.7 Charecter of veriation of weight coefficient khub of main.rotor hubs for 8
wide range of centrifugal force values Ny, {hatched arse corresponds to the better designs
(weight-wise) of fully-articulated blades now in extensive operational use

Analysis of data on hubs of the same type shows that because of the relative increase in
wall thickness, the hubs designed for lower centrifugal force are relatively heavier. To account
for this effect, we propose the use of the following formula:

_ 1.38
Ghub = K'nubRzps Zo1 Noi- (2.31)

The values of the coefficient k%, are shown in Fig 2.8. It may be assumed that for
modern Soviet hubs, k%, = 1.75.

For the centrifugal force Ny, = 60, the corresponding value of the hub weight coefficient
becomes &y, = 0.067.

2.2.3 Helicopter Controls

To evaluate the weight we divide the helicopter control system into two parts: the
boosted control system of the main rotor {or rotors, including the tail rotor), and the control
links from the stick or pedals to the primary boosters. This latter part of the system is called
the preboost or manual control linkage. The difference between these parts of the control
system lies in the fact that the boosted control system is designed for the loads from the rotor
blades which increase with rotor size, while the preboost linkage system is designed only for
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k’hub = Ghub/zblll + 0.05(Zbl —4)] Nbll'35 , kg/tonl.ss
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Figure 2.8 Main-rotor hub weight coefficients K%, ,p,
(for other notations, see Fig 2.7)

the pilot forces of the single-step control system, and for the pilot forces and small boosters in
the two-step control system. A schematic of the latter system is shown in Fig 2.9,

The boosted control system should include all the control elements that are computed
for the loads transmitted from the blades. This system includes the swashplate assembly, pri-
mary boosters and their attachments, control system from the boosters to the swashplate
assembly, and the primary hydraulic system; the output of which is directly associated with
the power required by the primary boosters.

If we consider that the boosted control system weight is proportional to the sum of the
blade feathering moments, this weight can be found from the formula

ly Q-
Gp.cont = kb.connzblbzRUt Hges (2.32)
where
Uy = WRIUpy ; Bges = Hgesliery Uty = 220mls, and g, = 0.3.

Here, it is arbitrarily assumed that the design feathering moments are directly propor-
tional to the design advance ratio, My, . Although this relationship may actually be more
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Figure 2.9 Scheme of two-step control system of the Chinook helicopter: 1 - basic hydraulic
boosters (2nd step); 2 - second step of mechanical mixing; 3 - first step of mechanicsl mixing;
4 - SAS actuators; 5 - hydraulic boosters of longitudinal control system (1st step); 6 - hydraulic
boosters of collective control system (1st step); 6 - hydraulic boosters of collective control
system (15t step); 7 - upper control actuator of differentisl collective pitch control; 8 - lower
control sctustor of differentisl collective pitch control

complex, it permits one to at least partially account for the influence of the flight speed on the
forces in the control system and therefore, on the system weight.

Figure 2.10 shows the specific boosted control_weight coefficients for several Soviet
helicopters where, for simplicity, it was assumed that U, = ;'Id“ = 1,0. The weight coefficients
of the swashplate assembly have been separated in order to evaluate its share in the overall
weight of the boosted control system.
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Figure 2.10 Weight coefficient of boosted controls and swashplates

Evaluating the above data, the achieved weight level of boosted controls can be ex-
pressed by the coefficient &y oope = 76 ... 19 kg/m®, and for swashplates by k,w_p, =7.8
kg/m®.

However, recent analyses of modern boosters showed that the boosted control weight
coefficient can be reduced to Ry o0 = 13...14kg/m>.

Going ahead to Eq (2.132) and assuming that ty, =0.755, we can transform Eq (2.32)
for the boosted contro! weight to the following form:

Gb.con t/Ggr = UMm)kh.contden Utz . (2.33)

Consequently, for fixed values of U 4,, and Ut, the relative boosted control weight, de-
termined using Eq (2.33), is proportional to the biade chord b, and is independent of any other
helicopter parameter.

in the context of manual control linkages, in addition to the controls up to the primary
booster, we incorporate all other forms of controls, including those to the engines and sta-
bilizers, and the auxiliary control systems for actuating the cargo doors, entry ladders, and
cowlings. It also includes landing-gear retraction and the auxiliary hydraulic system used for
this purpose.

In the single-rotor helicopter, all the control linkages, except for those to the tail rotor,
are short and therefore, as a rule, we can use a simple single-step mechanical control system.
The weight of the manual linkage of such control system is only about 20 to 30 percent of
the weight of the entire control system and, in practice, depends only on its overall length.
Assuming that the overall approximate length of the control linkage is proportional to the
blade radius R,
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G,

m.cont

= R R ' (2.34)

m.cont™""

For transport helicopters having no auxiliary control system, the value of the weight
coefficient &, cone (Fig 2.11) can be taken as Ry, oo = 7. 10.5 kg/m.
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Figure 2.11 Weight coefficients of manual {pre-boost) controls
1 - helicopters with retractable L/G; 2 - helicopters without
suxiliary control systems (hatched symbols refer to weight

coefficients of manuasl and auxiliary controls, together
with auxiliary hydraulic system)

For single-rotor helicopters having auxiliary controls for actuating the cargo doors,
entry ladders, cowlings, and landing-gear retraction, this coefficient increases to k., .one =
18...25 kg/m. Here, as already mentioned, the weight of the auxiliary control and its hydraulic
system is included in the weight of the manual (pre-boost) controls.

The linkage length markedly increases for the twin-rotor helicopters and, because of
the increased friction forces in the linkage, it is necessary to introduce additional small boosters;
thus leading to a two-step control system which significantly increases the weight.

Assuming that the length of such linkage is proportional to the distance L between the
rotors, we can evaluate the linkage weight from the formula

G =k L (2.35)

m.cont m.cont™"

In the V-12 helicopter, the weight of the manual and auxiliary control together with
the small boosters and their hydraulic system is 1360 kg (compared with the 350 kg for the
Mi-6 helicopter). Consequently, K, on¢ = 42.7 kg/m.

in the tandem helicopters, the length of the overall control linkage is somewhat shorter.
Therefore, the weight coefficient of manual and auxiliary controls for these helicopters should
also have somewhat smaller values.
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Considering that the development of the V-12 helicopter control system was the first
experience of this sort, we believe that it is possible to lighten the preboost contro! linkage of
twin-rotor helicopters. Therefore, we can take R, »on¢=30kg/m for the tandem,and &, .opne =
35 kg/m for side-by-side rotor helicopters.

Considerable weight reduction can be achieved in twin-rotor helicopters with use of a
fly-by-wire control system, whose weight coefficient &, .,,, can be reduced by a factor of
1/1.5to 1/2.0.

2.2.4 Main Gearbox

The dimensions of all the gears, bearings, and shafts of the main gearbox are determined
basically by loads which depend on the torque transmitted by the gearbox. Therefore, the main
gearbox weight can be expressed by the following formula:

Gm.g.b = Rm.gb Ma,, (2.36)

where the coefficient k_m_g_ p can be considered as similar for all gearboxes of the same size,
like configurations, and comparable gear ratios.

However, in analyzing the existing gearbox data shown in Fig 2.12 and Table 2.2, one
may note that with a reduction of torque transmitted by the gearbox, the weight coefficient
Ry, 0.b increases. This is explained by the fact that the wall thicknesses of the basic parts in the
small gearboxes are relatively larger; both as a result of manufacturing difficulties, and because
of the necessity of having wall thicknesses ensuring the required rigidity and static stability.

km.g.b. = Gm.g.6/Ma),, ,, kglkg*m

|
CkMi-2 ' 6 O — production gearbox }single-rotor
0.14 -¢--¢- — projects configuration

00 — .production gearbox } tandem -
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jo / front gearbox

| ] A
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Figure 2.12 Variation of weight coefficients km.g.bo of gearboxes as a function of main-rotor torque
(weight of the aft gearbox of Chinook helicopter is with extended rotor sheft). A - configurations
with single main gearbox,; B - configurations with several gearboxes in main-rotor transmission
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Nong Nep m.r | MO, Gm.g.b
HELICOPTER hop. he. € om | kgm kg kmgb| Kmgb
Mi-1 675 575 | 0.800 | 250 1320 135 0.102 0.427
Mi-2 2X400 800 | 0.810 | 246 1890 284 0.150 0.682
Mi-4 1700 1700 | 0.800 | 192 5110 471 | 0.092 0.510
Mi-8 2X1500 3000 | 0.830 | 192 9290 782 | 0.084 0.528
Mi-6 (2X5500 h.p.) 2x5500 | 11000 | 0.835 | 120 | 54800 | 3200 0.058 0.529
Mi-§ (2X6500 h.p.) 2x6500 | 13000 | 0.835 | 120 | 64800 | 3200 0.049 0.452
OH-6A 317 275 | 0830 | 475 350 36 0.102 0.346
UH-18 1100 1100 | 0.835 | 324 2030 173 0.084 0.386
§-61 2X1250 2500 | 0.830 | 203 7300 503 0.069 0.409
564 2X4050 6500 | 0.825 | 185 | 20000 | 1330 0.063 0.470
$-656(CH-63A) 2X3925 7000 | 0.815 | 185 | 23000 | 1200 0.0521 0.389
$-66 (CH-53E) 3x4390 | 11670 | 0.830 | 177 | 38900 | 1714 0.0442| 0.363
Front geer bearing 6000 | 570 0.055 0.352
CH47C 2X3750 |3600hp | 0.940 | 258 | 10282
Aft gearbox per rotor 627 0.074 0.387
Front gearbox 178 0.079 0.370
V44 1425 855 hp | 0.940 | 258 2370
Aft gearbox %er rotor 165 0.074 0.350
(a) MAIN GEARBOXES
8
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Mi-1 45 |1350] 24| 18] 142]| 2263] 143 | 14170 2263| B95| - |21.2] -
Mi-2 73 |1460| 36| 18| 1.03] 2462 215 ] 14]1.21 | 2467 | 810] — | 242} -
Mi4 163 [1040] 112 | 48| 1.09| 2400| 486 | 19| 0.85 | 2400 | 12.40| 330 | 54.4 | 0.091
Mi-8 280 [1130| 177 | 48| 077} 2586 | 79 | 22| 0.67 | 2596 | 12.40| 330 | 49.3 | 0.084
MI-6 (2X5500 hp) | 1200 | 675{1274 | 286 | 0.95| 2006 | 430 |114 [ 0.89 | 2065 | 20.40 ] 1490 | 214 | 0.082
Mi-6 (2X6500 hp) | 1600 | 6756|1691 1 207 ] 0.81 | 2006 | 537 {114 | 0.74 | 2065 | 20.40 | 1830 | 231 |0.076
V-12 8200 | — | = | -} - | 2155|2139 |354 | 0.76 | 2756 | 32 |6000 | 650 |0.063

(b) TAIL & INTERMEDIATE GEARBOXES, AND TRANSMISSION SHAFTS
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Because of this, the weight of the parts of the small gearboxes is relatively higher. In
order to somewhat offset this effect, such gearboxes should be made using simpler configura-
tions; specifically, with transmission of the output torque through a smaller number of engage-
ment points; for example, using two points as in the Lynx (Fig 2.13) and the Mi-2 helicopters,
or even through only a single point as in the gearbox of the Mi-1 and Hughes OH-6A heli-
copters.

from left
engine

to tail from right
rotor engine

Figure 2.13 Scheme of the Lynx helicopter mmmistion22

However, in the R-7 gearbox of the Mi-6 helicopter, the bell gear output torque is col-
lected from 18 satellites (planets) (Fig 2.14b). The use of a large number of engagement points
was primarily dictated by the fact that when transmitting larger torques, circumferential
loads must be restricted because of limited single-gear strength. Therefore, in small gearboxes,
in order to account for the scale effect resulting from nonproportional reduction in wall thick-
ness and to partially account for the influence of simplification of the configuration, the
following formula is usually used both in Soviet practice and abroad-

0.8
Gm.g.6 = KmgoMa,, (2.37)
where
0.2
k‘m.g.b = km.g.b MO,,,_,'

Values of the k"m.y_b coefficients for several existing gearboxes are shown in Fig 2.15.
It can be seen from this figure that the weight coefficients for many existing gearboxes vary
in the range k"m‘,.b = 0.34 ...0.525, with a quite wide variation in the torque transmitted by
the gearbox. it should be noted that the point corresponding to the Mi-2 gearbox lies outside
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Figure 2.15 Weight coefficients k', g p of helicopter main gearboxes (weight of the Chinaok
aft gearbox is with extended rotor shaft): A - configuration with single gearbox,
8 - configurations with several gearboxes in the main rotor transmission

this range. The excessive weight of this gearbox can be explained by its configuration and the
use of the basic gears from the Mi-1 helicopter.

A large influence on the main-gearbox weight is exerted by its configuration, which
depends in large measure on the overall gearbox transmission ratio, since this ratio determines
the number of main gearbox stages.

If, in addition to the main gearbox, the engine-to-main-rotor drive system has several
other gearboxes including an engine-mounted reducer, then the gear ratio as well as the weight
of the main gearbox itself decreases, while the overall weight of the whole rotor drive system
may even increase. Correspondingly, the weight of a single main gearbox designed for the
entire transmission ratio from the engine to the main rotor is usually higher, as can be seen
from Fig 2.16 where the points relating to such gearboxes are hatched. From a weight stand-
point, the best main gearboxes of helicopters with turboshaft engines have coefficients k‘;,,.p. b=
0.43...0.45. This level is specifically achieved in the R-7 gearbox of the Mi-6 helicopter with an
engine power 2 X 6500 hp.

Particular attention should be given to the main gearbox weight coefficients of tandem
helicopters. In Figs 2.12 and 2.15, the main gearbox weights of the CH-47 and V-44 helicopters
are referred to the maximum torque:

Momax = aa Ma.v

where apn = coefficient of nonuniformity of torque distribution between the main rotors —
taken by Boeing Vertol as ag = 7.2, and Ma" is the main average rotor torque
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Ma,, = 716.2Z N, §l2n,, .-

where ZN,, = maximum engine power transmitted by the helicopter transmission; £ = power
utilization coefficient, and n,, , is the main rotor rpm.

It can be seen from Figs 2.12 and 2.15 that the CH-47C and V-44 main gearbox weight is
at the weight level of modern gearboxes of single-rotor helicopters with turboshaft engines having
a built-in engine gearbox, although one would expect that the gearboxes of tandems of such
dimensions would be relatively lighter than the gearboxes of single-rotor helicopters. This
assumption is based on the fact that (a) power input in these gearboxes is accomplished through
a single synchronizing shaft and a single pair of bevel gears (Fig 2.16b), which is possible with
this load level (N, ,, < 4500 hp), and (b) the total number of main gearbox reduction stages
can be reduced to three.

k.
st . . - ""j
Chinook, 11 ] T+
AN Zgar 3 10 71
0.22 > < = .~
-~ -
Mi4, i1 Zsat= 4] ] AN A 2eq1 =6
e
Mi4, 1) \/A X
0-18 \ [ 4 X
N\ Do LA | Moo
\ \ A [/
/ N Chinook, 111 /' b
0.14 | I W
: // N\ g {565, 8 10 12 e
M n =243 rpm | toward the main rotor
Zset = 10 Cm
0.10 A g - !|2
Zsat = n =895 rpm
N .
N\
$-65,111
0.06 -
from combining gearbox
n = 7465 rpm
n=4250 rpm
1 1
st
(a) (b)

Figure 2.16 (a) Calculsted weight coefficients of main gearbox planetary stage, and
{b) two-stage planetary gearbox, shown as functions of their gear ratios and number of satellites,
Zgqt. fc) Scheme of Chinook helicopter gearbox: | - first stage; 1 - second stage; and 111 - third stage

In order to account for the influence of gearbox configuration on its weight, the follow-
ing approach is proposed: We assume that Eq (2.37) can be used to estimate the weight of each
gearbox stage individually, and the overall gearbox weight is determined as the sum of the
weights of its stages. Then we can obtain the following approximate formula for comparing
the weight coefficients of gearboxes of different configurations:
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“mab = T2y Kyl l;E,)"0 ] (2.38)

where k%, = weight coefficient of the j-th gearbox stage; / j = gear ratio from the output of the
j-th gearbox stage to the main rotor; z, ;= number of independent paths along which power is
transmitted from the output of each stage; ¢ i coefficient accounting for the additional power
transmitted by the j-th stage, not to the main rotor, but elsewhere (to the tail rotor, for
example). If an examined stage transmits power to the main rotor, then $I-= 1. 1f the stage
transmits all the incoming. power into the gearbox—including the tail-rotor power in single-
rotor helicopters—then, neglecting the other small power requirements we can assume that the
coefficient El coincides with the power utilization coefficient E = £ . lin the USA, called
transmission efficiency). For the single-rotor main- gearbox stages that transmit power to the
tail rotor, this coefficient should be taken equal to &, = ] £, ,/N =~ 7...8, where N er =Ne.o/Nmypi
and / is the gear ratio up to the gear transmitting the hnghest torque in the considered stage.

If on multiengine helicopters, the power input from each engine is based on emergency
power Ny ., which is higher than takeoff power N,,—usually selected on the basis of the
specified condmons at the hover ceiling—then we must introduce the coefficient E'/- = Ej/k,m or
where Koo, = Nomer /Ny instead of £ into Eq (2.38). This should be done for all the stages
transmitting power from a smgle engine, including the power-combining stage for whose gears
the emergency power also becomes the design power.

The values of the weight coefficient &% st; of the main gearbox stages can be determined
using the technique given below.

If the weight coefficients, k'},i, are known, we can use Eq (2.38) to obtain the weight
coefficient k";,,.g'b for the gearbox of any scheme; when the weight efficiency of each stage is
the same, we call this coefficient the configuration weight efficiency coefficient. Then the gear-
box weight can be found from the formula

Gm.g.b = kw.af’k‘::onf(MO),;-;,,?'a (2.39)

where &, ., = coefficient of gearbox weight efficiency; and kco,,, weight coefficient that
depends only on the selected gearbox configuration determined from Eq (2.38).

In order to determine the weight coefficient of nonplanetary type stages, we assume that
the structural weight of each stage can be broken down into individual parts, the weight of
which is proportional to the 0.8 power of torque transmitted by each gear in this stage. For
stages which receive power from several power transmission paths, we shall consider that the
weight of that part of the stage which includes the driven gear depends on the torque trans-
mitted only by one driving pinion, and does not change as the number of pinions increases.
Then the weight coefficients of these stages can be found from the following formula

. 0.8 0.8
k.‘;t = kpi[(zp?'z/lst ) + (’/zp, )]
where z,, is the number of driving pinions of the given stage which are connected with a single

driven gear; /,, = nja/ngy. is the gear ratio of the stage in question.
Slmnlarly, for the stage with power division among z ; Pinions, we can use the formula

Ko = ki1 + (1/2,, i ).

For the better (weightwise) helicopter gearboxes, we can take k = (.25 for spur gears,
and k =0.35...0.4 for bevel gears.
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It should be noted that for gearboxes constructed at the modern level, these formulae
yield weight coefficients which are quite close to the actual values. However, the k";t coeffi-
cients obtained in this way will be higher than the actual weight coefficients of the spur gear
stages of the Mi-1 and Mi-2 gearboxes which were designed with stresses higher than those
allowed today. In the spur gear stages of these helicopters, kp,- =015..022.

Taking the same approach to the planetary gearbox stages, we obtain the approximate
formulae for determining their weight coefficients.

For the conventional planetary stage,

Ket = kpi{“/zut"n) + [(7/2)—(7/’")]0'82333'2 + [(/st_”/istzntlo.‘}

where z,,, = number of satellites (planets) used in the planetary stage; and iy, = 2[7 + rgy,/r g,
is the planetary gear ratio, where r,,, = satellite radius; and rg4, = driving (sun) gear radius.

The calculated weight coefficients of a planetary stage of a two-stage planetary gearbox
with different values of the penultimate second stage—obtained using this formula— are pre-
sented in Fig 2.16a and b.

We see from these curves that the planetary stage weight can be significantly reduced
with increase in the number of satellites (planets) used. However, in this case, the planetary
stage gear ratio decreases. Therefore, in the two-stage planetary gearbox having a final stage
with a larger number of satellites, it is better to have as high a gear ratio as possible in the pen-
ultimate stage with a correspondingly smaller number of satellites and larger weight coeffi-
cients k", (see Fig 2.16b).

For the planetary stage based on the closed differential mechanism scheme, the analo-
gous formula is somewhat more complex:

‘ - = 0.8
=k ___’____ 02 ’nrMing +
st~ Tpi . 10.8 sat
(zut’st) 2(rl _rut)
— 0.8 _ 0.8
— 0.8 ry 1 =2riq 02-08 , I
+ Meim (_ + ( ) +2iy" g t T o8
Zsat Z;q . Zig

where z,,, and Z;4 are the number of satellites and idlers; M;pp and M,,,, are the fractions of
the torque transmitted through the satellite yoke (planet carrier) and through the rim of the
bell gear. _

Minp = 11+ m); M, = m/(l+m)

where
m =7r,/2(r, _-’-ut)(l "27,'4)

The r,,, of sateilites {planets), r_,-d of idlers, and the intermediate ring gear r; appearing
in these formulae are referred to the rim radius of the bell gear r,,,, (Fig 2.14b).

The relationship given by this formula between the weight coefficients and the gear ratio
I,¢. and the number of satellites z,,, (Fig 2.14a) was obtained under the condition that there
are two more idlers than satellites, and the intermediate ratio 7y =7, /7., =0.9.

For somewhat higher values of the weight coefficients, but for the same circumferential
loads on the gears, the planetary stage of the closed-differential-mechanism scheme makes it
possible to transmit torques of higher absolute magnitude.
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When computing gearbox weight coefficients k"m.g'b from Eq (2.38), the main rotor
shaft and the complex of clutches, couplings, and mechanism at the input to the gearbox should
be considered as separate steps of the calculation.

A weight coefficient k%, = 0.07 can be achieved for shafts of modern articulated main
rotors, although for many existing gearboxes, this coefficient is larger—often equal to k';h ~

0.1. For the overruning clutch and equalizing mechanism of the type used in the R-7 gearbox,
the weight coefficient, k";.w = 0.5. Without the equalizing mechanism, this coefficient may be
equal to k";m =0.2... 0.3. After determining the weight coefficient k‘;o,,,, which depends on
the gearbox configuration, we can then determine the gearbox weight efficiency coefficient on
the basis of the actual gearbox weight:

k = Gm.g.b/k*conf (Ma)m,f" (2.40)

w.ef

The data required for, as well as the results of, the calculation of the configuration
weight coefficients for several existing gearboxes is given in Table 2.3. We see from these calcu-
lations that the configuraticn weight coefficients for the Mi-6 gearbox and the Chinook forward
gearbox (without the extended main rotor shaft) are: k%, = 0.423 for the R-7 gearbox, and

*.ont = 0.387 for the Chinook gearbox.

Consequently, for the same weight efficiency level, the forward gearbox of the tandem-
rotor helicopter {Chinook type), because of its greater simplicity (single-bevel pair} and fewer
stages is about 10 percent lighter than the R-7 gearbox.

In comparing the transmission weights of helicopters of different configurations, it is
possible, from Eq (2.38), to determine the overall weight coefficients of all helicopter main
rotor-drive gearboxes shown in Table 2.3. From this data, it can be seen that if we compare
the weight coefficients of all the main rotor-drive gearboxes, this coefficient is somewhat
higher for the Chinook gearbox (without accounting for the extended aft rotor shaft) than
for the Mi-6 gearbox.

in calculating the weight of the gearbox, it is convenient to include the weight of lubri-
cants, and at least part of the weight of the gearbox fuselage attachments. When comparing
the weights of Soviet and foreign gearboxes which usually do not have a gearbox frame, half
of the weight of the gearbox frame and the weight of its attachments to the main gearbox
should also be included in the gearbox weight. When using this approach, the coefficient for
the best (weightwise) Soviet gearboxes, computed for the overall transmission ratio from the
engine to the main rotor, is equal to about 0.465.

2.2.5 Intermediate and Tail Gearboxes

The intermediate and tail gearboxes of nearly all helicopters have very low gear ratios
and consist of only two (usually bevel) gears. One example of intermediate gearbox design is
shown in Fig 83, and that of a tail gearbox, in Fig 84 of Ref 11. Their weight coefficients,
just as those of the main gearbox bevel gear stages are higher than the main gearbox coeffi-
cients in general. This aspect is most important for the twin-rotor helicopters, particularly
for the tandems, which usually have several intermediate gearboxes {Fig 2.17), designed for
continuous transmission of engine power. For the side-by-side configurations, the situation
is somewhat better, since the synchronizing shaft is loaded comparatively briefly, only during
lateral control application and in case of engine failure.

The weight of the intermediate and tail gearboxes can be estimated using a formula
similar to Eq (2.37).
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nsp= 6600 rom (CH-47A)
Nsh = 7000 rpm (CH-47C)

Figure 2.17 Transmission of the Chinook helicopter: (1) intermediate gearboxes
{engine gearboxes),; and (2) intermediate or combining gearbox

In evaluating intermediate and tail gearbox weights, difficulties often arise in determin-
ing the design torques, since the torques transmitted by these gearboxes often vary within very
wide limits. Therefore, it is advisable to introduce the equivalent torque, (Ma),q. into the
formula for determining the weight of these gearboxes.

Gintg.b = Kint.g.b Malgg™® - (2.41)

The (Mqa ),q value is established for loads exceeding the fatigue strength limit based on
6X10°...10X10° cycles.

Calculations show that with an adequate degree of accuracy, the equivalent torque can
be taken equal to the torque of the drive-shaft gearbox at the hover ceiling H,, for the single-
rotor helicopter, and to the torque corresponding to the maximum power transmitted from the
engines with account for nonuniformity of the distribution of this power between the main
rotors for the tandem-rotor helicopter:

Mg = 716.2 ag ZN,, lany, z,, (2.42)

eng

and to the torque corresponding to the power transmitted by the synchronizing shaft when
controlling the side-by-side rotor helicopter, which can be taken as approximately

N,

sync.sh

~ % ZNgpg. (2.43)

In Eq (2.42) o = coefficient depending on the transmission scheme {a = 7 if the gearbox
transmits the power of all the engines, and a = 2 if it transmits the power of half the engines);
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Ngp =TPM of the shaft driving the intermediate gearbox; and 2,,, = number of synchronizing
shafts.

Figures 2.18 and 2.19, and table 2.2 show the weight data for several intermediate and
tail gearboxes, calculated according to the described method.

Kintg.o = Gineg.o!Ma "> K9llkg-m)™*
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Figure 2.18 Weight coefficients of intermediate gearboxes
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Figure 2.19 Tail-rotor gearbox weight coefficients of single-rotor helicopters



The weight coefficient for the central intermediate gearbox of the V-12 helicopter is
given for the equivalent power Ny 0 o4 = 8000 hp for which it was designed; i.e., for a some-
what greater value than that obtained from Eq (2.43).

For modern intermediate and tail gearboxes, we can assume that k*i.p,b =07..09,
and that k", , o , = 0.65..0.8.

Some differences between the weight coefficients of intermediate and tail gearboxes is
explained by the fact that the gear ratio for intermediate gearboxes is usually smaller than for
tail gearboxes. If the tail gearbox is constructed using the two-stage scheme with bevel gearing
at the input and a planetary gear at the output, then k"'t_ r.g.b can be reduced in accordance
with Eq (2.38)

2.2.6 Transmission Shafts

While the transmission shaft weight for the singlie-rotor helicopter is iow, for the side-by-
side and particularly for tandem helicopters, it is so large that it significantly influences the

overall helicopter structural weight.
The weight of the transmission shaft is primarily determined by the weight of the shaft

tube—representing 60 to 70 percent of the total (Fig 2.20)

Y X :ﬁm@
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13
[ il

Figure 2.20 Cross-section of the transmission shaft of the Mi-6 helicopter

Selection of the shaft tube size is based on loss of stability, which can occur at the

torque-breaking value (Ma)b ren"
In order to minimize the shaft tube weight, it is very important to select the optimal

relationship between the tube diameter and wall thickness d= d/s.
The required shaft-section modulus in torsion can be expressed as

= 7253 _
qu = %ﬂd 67 = Mabfﬁl/T.”

from which

§ = \’/2M¢3‘h,“/1rd—z Tou- (2.45)
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Substituting the value of § into the formula for the shaft tube weight,
G,y = nd 63y Ly, {2.46)
we obtain
Gy = kyp Loy Mg, 23 ' (2.47)
sh sh “sh "'Qpreg :
where ’

ke = 2329/ dr,}.

The values of 7, are determined from either the well- known graphs of allowable steel-
tube torsional stresses (as, for instance, in Fig2.21, where L, = distance between shaft supports),
or from the following formula proposed by Golubtsov for Duralumin tubes:

1,y = 24.6 — 0.06(Lo/d) — 0.035(d)*. (2.48)

2
Toy. kg/mm o= 105 ky/mmz

2o L_o/d
60 \\\\\\ : — %
\\\\\'\‘ 1
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T~ 20
20
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Figure 2.21 Allowable torsional stresses in shaft tubes as a function of
tube diameter to well thickness ratio (d = d/0 ) for various shaft-
length (Lo ) values (shaded ares corresponds to breeking
stresses of optimal shafts)

The values of k,, determined for steel tubes heat-treated to o = 105kg/mm? are shown
in Fig 2.22. Here, it can be seen that for the steel tubes normally used with ¢ = 105 kg/mm?,
the optimal value is kg, = 0.038...0.04, and for Duralumin tubes, &, = 0.027.

{f we assume that the structural weights of shaft supports and couplings constitute a
definite percentage of the tube weight, then the weight of the shaft as a whole can be deter-
mined by th same equation, (2.47), except that now the weight of supports and couplings must
be refiected in the value of the coefficient, k), .

Figure 2.23 and Table 2.2 show the values of &, for several Soviet helicopter trans-
mission shafts. Most interesting is the weight data for the synchronizing shaft of the V-12 heli-
copter (k,, = 0.063) for which the values of d are close to optimum.
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Figure 2.22 Calculated values of shaft tube weight coefficients shown ss a function of d
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Figure 2.23 Shaft weight coefficients for seversl Soviet helicopters



Frequently, however, particularly in light helicopters, the tube dimensions differ from
the optimal values in the direction of smaller d ratios. Therefore, their weight coefficients
are somewhat larger: k;, = 0.076...0.085 for the Mi-4, Mi-8, and Mi-6 shafts.

For a proper selection of shaft dimensions and evaluation of shaft weight, it is very
important to determine the maximum torque transmitted by the shaft.

For the single-rotor helicopter transmission shaft, this torque is known quite accurately
from the results of many flight tests involving turns near the ground. For the helicopters
tested in such turns, this torque did not increase by more than a factor of 2:2 to 2:6, in com-
parison with the torque in the hover regime at H = Hj,.

It will be shown in Sect 2.3 that for twin-rotor helicopters, the maximum possible opera-
tional overloads—as far as torque on a single lifting rotor is concerned—may be equal to ny 5 =
1.8...2.2 from which it follows that

MQpex = 716.204(Z Ngy ) 2n,, (2.49)

where n, = 1.8... 2.2 if all the engines are located at the same place, as in the case of tandem-
rotor helicopters; and n, = 0.8...1.2, if the engines are separated into two groups, each with its
own main rotor, as is customary in the side-by-side configuration.

When making the calculation using Eq (2.49), the obtained maximum operational torque
MQmex Must be increased by a safety factor—usually taken as f=1.5. As a result—bearing in
mind that there may be z,, rather than a single transmission shaft—we can write

Gth = k:h Zeh Lsh (”a st'h)z,3 (2.50)
where M, is the torque transmitted by the shaft under no-overload conditions,

My, = 716.2EN,, . [2n,, 2.

eng

for twin-rotor helicopters; and
M,, = 716.2N,In,,

for single-rotor helicopters.

2.2.7 Tail Rotor

The details of tail-rotor construction can
be found in Ref 8, Figs 62 and 64, while those
of its hub are shown in Fig 2.24.

However, since the tail rotor operates
under significantly more severe conditions (in a
wider range of thrust and angle-of-attack varia-
tion, and also under conditions of turns with
high angular velocities w, when hovering near
the ground), the maximum usable value of
Yomax for its blades should be significantly lower
than for the main-rotor blades. it can be assumed
that 7, should be no higher than

Figure 2.24 Tail rotor of the Mi-8 helicopter

= with flapping and lead-lag hii
), =30 (2.51) lapping and lead-lag hinges
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which approximately corresponds to

(kb"‘-’)min = ]3. (2.52)
in addition, tail-rotor blades experience large loads if an unmoored blade strikes the
flapping stop in case of a strong wind gust. '

For blades of similar basic dimensions and identical construction, the stresses which
arise in the blade attachment in case of such impact are proportional to the blade aspect ratio
?\,.,. Because of this, tail-rotor blades are not usually made with aspect ratios higher than
A;.r = 8 (see Table 2.4), and the value of the mass characteristic v, is usually lower than
(Yo )max- Therefore, the limitation of Eq (2.51) usually has no effect on the parameters of the
tail-rotor blades.

The weight coefficients for the tail-rotor blades k‘j,/.,_,, shown in both Fig 2.25 and
Table 2.4 were calculated for several helicopters using Eqgs (2.12) and (2.14) in which A, was
taken equal to 18, just as for the main rotor. We see from this figure that the lowest weight co-
efficients k% ,, achieved in the best modern tail-rotor blade designs coincide with the same co-
efficients for the main-rotor blades. This is an indirect indication of the validity of the proposed
formulae which appears to be applicable over the wide range of variation of the parameters
encountered in transition from the main-rotor blades to the tail -rotor blades.

O Mi-1 (wood)

07 .
. _ ‘)\) ZGb[E :’ Lkg/mz’-,

bl aRz.v

o Mi-4 (wood)
1

30
Mi-6 (wood)
0

Mi-8(production)

o OH-6A

.20

] .Mi-6(glass-plastic)
Mi-2 (teetering) I S-65

Mi-6(FH & LLH)T 1 variant
contemporary 7 ‘ I varian
level

58 .
(FH&LLH) Mi-8B(semi-rigid rotor)

Q

10

:

Figure 2.25 Weight coefficients of tail-rotor blades (FH — flapping hinge; LLH — (lead-lag hinge)

1.0 2.0 30 Rypm

Figure 2.26 and Table 2.4 present the data and weight coefficients for tail-rotor hubs.
It is interesting that the tail-rotor hubs have approximately the same weight coefficients as the
main-rotor hubs, although in certain designs the tail-rotor hubs are markedly lighter. This is
explained primarily by the fact that hubs without lead-lag hinges can be made relatively lighter.
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R hub,, = 1.35
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( \O'I variant
Il variant
i-1 -
©Mi-8 (semi-rigid rotor, H LH,
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¢-pr01ects
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Figure 2.26 Weight coefficients of tail-rotor hubs (FH — flapping hinge,; LL M — lead-lag hinge)

2.2.8 Propeller for Conventional or Compound Helicopters

Until very recently, solid Duralumin blades were mos+ v:idely used in propeller construc-
tion. The weight of such blades usually considerably exceeds the weight required for normal
operation of the blade.

Therefore, in accordance with the considerations of Ch 3, the propeller blade weight can
be determined from the formula

Gpr = qp P R. (2.53)

Figure 2.27 shows data on the weight of several airplane propeller blades. It can be seen
that the value of B for solid Duralumin blades can be taken equal to 1.4 and g, = 86... 97
kg/m?-4

It can be seen from the data presented in Fig 2.27 that the propelier tip speed is much
higher than for helicopter tail rotors. In addition, propeliers are made without flapping and
lead-lag hinges, which leads to the appearance of both constant and alternating high bending
moments in the propeller blade roots. These circumstances iead to an increase in the pro-
peller blade weight in comparison with the helicopter tail-rotor blade weight which was cal-
culated using Eq {2.12) with k’bl.,,, =13.8, and referred to bR as indicated in Fig 2.27.

We note, however, that modern propeller blades may be made from glass-reinforced or
carbon-reinforced plastic which results in a much lighter construction. This aspect must be
considered in evaluating the weights of propellers for modern conventional and compound
helicopters.

Figure 2.28 shows the hub weights of several propellers referred to the product 2Ny,
with curves corresponding to G,/ 2, Nb, *$ = const. We see that the formulae used for heli-
copter main-rotor hubs are also suitable for propetler hubs:
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Figure 2.27 Weight coefficients of propeller blades (hatched area corresponds to weight level
represented by Durslumin propeller blades weighing Gp; = (86 ...91 4R
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Figure 2.28 Weight coefficients of propeller hubs (hatched ares
corresponds to the achieved weight level)

Ghub = R*nub® 25261 Npi~>* - (2.54)

It should be noted that the weight coefficients are somewhat smaller because of the
absence of articulated hinges in the propeller hubs, and because of the simpler hub configura-
tion. The available data indicates that the weight coefficient of the propeller hub can be taken
as k%, ,p = 0.1, kg/ton'-**.

Unfortunately, there is no statistical data on multibladed propellers which would make it
possible to evaluate the magnitude of the coefficient Rz,,.

66



The weight of the propeller as a whole can be found from the formula

G,

prop I:qblbl"R + k*hubk,ble,l'“]zb,. (2.55)

2.2.9 Powerplant

In order to ensure necessary flight characteristics of helicopters throughout the whole
range of altitudes and ambient temperatures encountered in operation, oversized engines are
usually installed. The power available from these engines exceeds that required at sea-level,
standard conditions. In order to avoid overioading the helicopter transmission; especially the
main gearbox, and also to avoid unnecessary difficulties in_the design and development of the
engine itself, the engine power is limited by a governor to the magnitude necessary to ensure
the required helicopter flight performance. This is usually determined on the basis of hovering
under specified conditions of altitude and ambient air temperature. The so-obtained power
represents the permissible power limit for all altitudes—from H = 0 to that where power avail-
able becomes equal to the limit value.

However, since the power limitations have practically no effect on engine weight, the
engine specific weight is usually evaluated on the basis of the maximum power which would be
obtained at # = 0 if no restrictions were imposed. This power is termed the referred maximum
engine power.

in helicopter weight calculations it is more convenient to refer the engine weight to the
maximum power referred, not to 4 = 0, but rather to the altitude where # = 500 m. Verifica-
tion flights for helicopter ranges are usually performed at this altitude.

In this case,

G

eng

= YN, o (2.56)

where the values of 7y depend significantly on the absolute design engine power. This depen-
dence, just as for most other mechanical systems, is explained by the fact that the wall thick-
ness of parts can not be reduced below some limit because of both stiffness and manufacturing,
and/or operational constraints. For instance, with a reduction in the blade height (particularly
in the last compressor stages) of small engines, the relative tip losses increase. This, in turn, re-
duces the engine efficiency which leads to a higher specific fuel consumption. Therefore, for
small engines it is better to use centrifugal stages in the compressor, and reduce the total num-
ber of stages, resulting in a simplification of the engine configuration; however, the relative
weight of the small engine increases.

To illustrate this tendency, schemes of turboshaft engines of low and high power are
shown in Fig 2.29.

The specific weight of various modern engines as a function of engine power is shown in
Fig 2.30. We see from this figure that regardless of engine size, its weight can be found from the
expression

Gang = "zeng(Nrof)o'7 (2.57)

where the values of the weight coefficient k,,, for modern (weightwise) engines can be taken
as Rgpg=1..1.2.

Curves corresponding to constant values of k.n' are shown in this figure, indicating that
for modern helicopter engines of moderate and high power, the engine specific weight can be
taken as v =0.9...0.77. However, the specific weight of the installed powerplant is significantly
higher.
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(b)

Figure 2.29 Cross-section of (a) high, and (b) low power helicopter engines
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In calculating the weight of the powerplant, it is convenient to include the weight of
the cooling and lubrication system of the engine and main gearbox as well as the oil itself,
since the weight of all these items is usually directly proportional to the maximum usable
engine power.

In addition, it is suggested that the installed powerplant weight include the weight of
the intake and exhaust system, starting system, engine mounts, and fire extinguishing system;
although their weight is not necessarily directly proporticnal to the engine power. The error
will not be large if, by analogy with the engine weight calculations, the weight of all the afore-
mentioned systems which we shall call powerplant installation systems are also expressed in
terms of the referred power of the engines installed in the helicopter

Gy;s =k

p.i.s p.i.szN

ref:

(2.58)

The weight coefficients of the powerplant installation systems of some helicopters are
shown in Fig 2.31. We see that the coefficient & can be taken as 0.04...0.05.

p.i.8
kp.i.s = Gp.i.s/eref' kg/hp
o Mi-2
0.10
0.08
Mi-6
0.06 o — 73
| | Frizr7777772
0.02
04000 8000712000 1600020000 35y

ref hp

Figure 2.31 Weight coefficients of powerplant installation (hatched area corresponds to
better (weightwise) powerplant installations)

For the powerplant as a whole, we write

G IN, o (2.50)

eng.ins = 7ang.in:

where the specific weight of the installed powerplant can be defined as

Yeng.ins = Rp.is + kang/N,‘,f""3

2.2.10 Fuel System

The fuel system weight is defined as a percentage of the total fuel weight capacity for
which this system is designed

Gps = kfu.s(Gfu) (2.60)

tot’
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For the fuel system of the single-rotor helicopter with self-sealing fuel tanks, a coeffi-
cient kg, , = 0.07...0.09 can be assumed. For the system without self-sealing tanks, this coeffi-
cient can be reduced to Ry, , = 0,06...0.07.

The fuel-system weight for the twin-rotor helicopter increases if the tanks are located
quite far from the engines.

The use of integrated tanks whose weight is usually included in the airframe structure
weight may lead to a reduction of the fuel system weight coefficient to ks 0.035... 0. 04,

Figure 2.32 shows the weight coefficients k,, , for some existing helicopters.

kfu.s = Gtu.s/(Gfuleor

I f

0.14 o Mi4 :
o Mi-
0.12 o M-8
l__v-12
0.10 o Mi-100
Mi-6
0.08 o Mi-2
0.06
0.04
; ; L
0.02 integrated fuel system
0 2000 4000 6000 (Gfu)mt, kg

Figure 2.32 Waeight coefficients of helicopter fuel systems
2.2.11 Cantilever Wing of Side-by-Side Helicopter (or Compbu_nd Helicopter)

In most cases, if the wing of the side-by-side rotor configuration (Fig 2.33) is designed
for static loads, the wing would not be rigid enough to avoid the ground resonance type of self-
excited vibrations of the main rotors on the elastic support {wing). The wing must be made con-
siderably stiffer in order to eliminate these vibrations. The weight of the wing increases due to
the fact that stiffness requirements now become the determining factor.

The natural vibration frequency of the cantilever wing in the plane of least stiffness (Fig
2.33) cannot, in practice, be made higher than the main rotor rotational frequency at opera-
tional rpm. Therefore, during rotor acceleration, the range of ground resonance rotor rpm must
be passed through without permitting the development of self-excited vibrations. This is
accomplished by providing the required damping margin. Suppression of this mode of self-
excited vibrations is facilitated by two-circumstances; the airframe mass referred to the main
rotor hub in this vibration mode is quite large (¢ < 0.006 — see Ref 12}, and the overall vibra-
tion damping increases significantly because of the main-rotor aerodynamic damping.

However, elimination of ground resonance is not ensured only through suppression of
this mode of self-excited vibrations. It is also necessary to eliminate self-excited oscillatory
modes in the plane of greater stiffness of the wing and in torsion as well (Fig 2.34). The air-
frame mass referred to the main-rotor hub with respect to these modes is not very large {from
e = 0.03 in bending, up to € = 0.08 in torsion), and elimination of ground resonance through

70



Displacement of
nacelle c.g. due to wing
torsional deformation

Figure 2.34 Simplified model of the side-by-side winged helicopter for evsluation
of margins with respect to self-excited vibrations of the ground resonance type

provision of damping margins is very difficult in this case. Therefore, the most reliable approach
is to shift the frequencies of these self-excited modes outside the operating frequency range of
the rotor.

In this case, partial frequencies of the wing's natural modes P, and Pw, must be higher

than W,

P, >n,w P

max’ Pror = Ntor Umex (2.61)

where w,, = the maximum main-rotor angular velocity at which the helicopter operates for
a time sufficient for development of dangerous vibrations (15 to 20 sec). For existing Soviet
helicopters, we can take Wmax = 1.07w, where w is the nominal angular velocity of the main
rotor; n, and n,, are coefficients accounting for both the width of the instability zone and
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the position of its lower boundary in relation to the frequencies- P, and Peors @S well as for the
necessity of separation of the main rotor rotational speed from conventional resonance.

In selecting the values of the coefficients 77, and n,,,, one must also take into considera-
tion the inaccuracy of the approximate formulae given below from which P, and Pm, values
will be determined as well as calculation errors associated primarily with lack of knowledge—in
the preliminary design stage—of all the pliabilities of the actually constructured machine.

In the case of relative weak coupling between bending and torsional modes when e =0
(Fig 2.34), we take ny = n,,, = 1.6.

it should be noted that when designing the V-12 helicopter, these coefficients were
taken as 71, = n,,, = 2.0 but, as one might expect, for various reasons they decreased markedly
in the actually constructed helicopter.

If the coupling between bending and torsional modes of the wing is quite strong, coeffi-
cients n, and n1,,, can be taken as

n, = npl/F, and n,,, = n,,l/l": (2.62)

where np, = 1.5 and F, and P, are the values of the lowered coupled wing natural frequencies
referred to P, and Pw,, respectively. For the symmetric vibration modes shown in Fig 2.34,
these frequencies can be found from the following:

- 1 +P? T+P,. )7 P ~ ] +P2 ‘/7_752 2 p2
Po= Lt P JU TP gl T or, Pi=, ) 2CX MoPr) o
! 2(7 —2°) 1/4(7—2 ) A T i—a)y 1-¢

e 1-2 1-2%)

Here, = the vertica! elevation of the nacelle center-of-gravity over the wing elastic axis referred
to the nacelle radius of inertia (Fig 2.34).

The required natural vibration frequencies can be obtained by reducing the weight of the
nacelle located on the tip of the wing, and reducing the nacelle mass moment of inertia relative
to the wing elastic axis, and also by selecting the required wing stiffness.

Let us examine a constant chord, two-spar wing of the stressed-skin type with widely
spaced spars and constant wing section. The wing is shown in Fig 2.35. There is no good reason
to examine other wing configurations.

SN

/

.Ah ‘t.b -t

(heblgy = %10tb * h e
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Since the wing of trapezpidal shape has lower torsional stiffness, it is inferior weightwise.
The use of spars with variable cross-section along the wing span may yield some weight im-
provement, but it will be no higher than 6 percent.

The weight of the wing and its sectional moments of inertia in bending in the x-z plane
and in torsion can be determined from the following formulae:

Iy = ki, 8nb%, (2.63)
lor = Ripy, 8 b, (2.64)
Gwg = kgY8hL. (2.65)

Here, &, h, and b are the skin thickness, wing height, and chord; v = specific material
weight; and L = wing span, equal to the distance between the lifting rotors if they are mounted
at the wing tips.

The coefficients in these formulae can be found from the expressions:

b, .} )Z’
Ry =bt'b (htb Lo hEF b + _nﬂ_x

str;

x 6h nspar
- b,y
X |28, — 2R, p),, L2 (2.66)
[ t.b t.bly :tr-l 4h
4F, }
Koy = 5T — ; (2.67)
(2(hep),, Sspar) +2b¢p
_ [25-117 + 2mf-b)pv + :C‘;"] Ang
kg = I+ (2.68)

] —

nspar str

where T’t.b and (A, by Tespectively, are the torsion box width and average spar height, both
referred to wing chord; h = relative height of wing airfoil section; F,, and F,,,,. respectively,
are the total area of section stringers and area of a single stringer both referred to the skin
thickness 6 and wing chord: F“, Fpr /66 and F", ,"’/Bb ¢.p i$ the torsion box section
area, referred to the wing profile height and chord; and Nspar is the fraction of the spar section

area F‘p o+ Of the total section F5 of all the elements working in tension and compression:

Nspar = Fm,/ - (2.69)

8,,,., = spar thickness referred to skin thickness. If the spar material weight is uniformly dis-
tributed along the spar height, then,

B.par = 1 + F,

spar spar

- Fipar Nspar - 7 |
F = = 2. .+ 2Mhep), F Feed:
spar 5b 71— Tspar t.b av

Iz(h, blyy (2.70)

Here,

(2.71)
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AGW is the weight of the wing structural elements not participating in the general bending
and torsion of the wing; Gy is the wing structural weight, determined using the coefficient
kg when we set AG,,, =0in Eq (2.68);and 7 + (A GuylGstrs) is the coefficient of wing-
weight increase because of the non-load carrying elements ot the wing.

For the wing of optimal dimensions with skin stiffened by stringers, this coefficient can

be taken as 1.8; for the honeycomb wing, it is 1.9.
In the case of nonoptimal wing dimensions, the weight of the elements which do not
participate in the general bending and torsion of the wing is more accurately determined by

setting

AGyg = Qug S

wyg

where

Guwg = 14..16 kg/m?.

The values of the coefficients &/, ky,,,. and R are shown in Fig 2.36 as a function of
relative spar-section area, characterized by the coefficient 1 spar The coefficients were calcu-
lated for the following values of the quantities appearing in the formulae

Bp = 0.605; h = 0.25,
(hep),, = 0.175;, Fy, = 0.52,
Fop = 0495, 1 + (AGyg/Gypy)= 1.8.

We introduce the wing area Sw, = pL into Eq (2.63) and (2.64) since, for the side-by-
side configurations, it is desirable to have this area as small as possible because of download in
hovering and rotor unloading in autorotation while still providing the required stiffness.

K" w.g/100k 0
ki1, [100k'wg ,I }
kiwg | %e/10
Wy k’X\', II
14
Ik I/

12 VALY AN
. - 7 o/
1.0 NALZ /z / k
» ‘ L4 r 4 ”

x /A Y

lwg k"
08 ~g=A=7¢ wg
o =~ 7

- P

0.6 L7
L =

0.4 - /, /

// /
02—

0 0.1 0.2 03 04 0.5 0.8 n‘par

Figure 2.36 Variation of wing weight and rigidity coefficients
as a function of the relative area of the spar, n‘m,
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Thus, using Eq (é.65), the formulae for the wing moments of inertia can be rewritten as
follows:

2=
Ix = K7, GugSwg /L’ (2.72)
and

lor = K1 Giyg Swy 1*/L3 (2.73)

tor ltor

where 4
k‘/x = klx/kG Y, k’/ro’ = k’fOl/kG Y, h = h/b.

In the case of the symmetric oscillations shown in Fig 2.34, the natural frequencies
P, and P, of the airframe with rectangular wing can be found from the following approxi-
mate formulae:

Pr = 4(2495 lx/Gnm':Ls)U + (2Gnac/Gcr.f” (2.74)
and

P

tor

2G 4o,/ pae L (2.75)

where G,,“ = total weight of one nacelle located at the wing tip, including the main-rotor
weight; G,, ; = weight of all the helicopter systems and components. and the transported load
located in the center-section of the fuselage. If the fuel is iocated in the fuselage, it should also
be included in G,, ¢ and /,,. is the nacelie mass moment of inertia relative to the wing elastic
axis. It can be written in the form: .

Inac = 7’ (Gnac/g)‘

Here, / = nacelle radius of inertia.
The nacelle weight can be approximately determined from the formula

Gnnc = %[EGbI + Ghub + Gcont + Gm.g.b + Gi.g.b + Geng.int + Gcow +Gcl.in:t +0'3Gwy] .
(2.76)

In the case of antisymmetric airframe vibration mode, the frequencies P, and P,,, do
not usually differ markedly from the values calculated using Eqs (2.74) and (2.75), although for
certain designs there may be exceptions to this rule.

Substituting the values of the elastic moments of inertia from Egs (2.72) and (2.73) into
Eqgs (2.74) and (2.75), and considering the conditions expressed by Eq (2.62), we obtain the
formulae for the weight of the constant-chord cantilever wing of the side-by-side rotor heli-
copter, based on the stiffness requirement.

In order to satisfy the bending stiffness requirements, the weight of the wing should be
found from the formula

G’

wg

= R iy g \LI2RP U,V g L* Gpgolh S35 [1 426 501G 4] (2.77)

where
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k ’

o = M kG YUt 6 GE Ry We)py = OmaxRIU, i Usp = 220m/s.

Based on the torsional stiffness requirements, the wing weight should be found from the
formula

Gy = K g \LI2RP (T pgx L? 1 Gpaclh® Spg (2.78)

wg
where
k "wa = 2, kG Y U,: /gGk’ror‘
Depending on the helicopter parameters, the weight determined by the stiffness require-

ments in either bending or torsion may be larger. Therefore, we take the larger of the G 'w, and
G ';" values obtained from these two formulae. For '

Ly = 4K g [T + @G paelGoe, Mk g, (2.79)

the wing weights determined by the stiffness requirements in bending and torsion will be the
same. For L/1> (L]i),. the wing weight will be determined by the bending stiffness, while for
L/i<(L]i),, it will be governed by the torsional stiffness.

When designing the wing, the value of (L/i), can be varied—depending on the distribu-
tion of the material between the torsion-box spars and skin. In the case of weak bending-
torsion coupling, the lowest wing weight is obtained for such n,,,, when G 'wﬂ =G "w,. There-
fore, after determining the required ratio of the coefficients

Ewglkwg = BLIPIU + 2Gp0elGor ], (2.80)

we can use Fig 2.36 to find the n,,,, value which corresponds to the lowest wing weight.

If we take = 0.25. 1+ (2G,,p [Ggp ¢)=1.85,and L/i=16.7; from which R walkwg =
37.7, then from Fig 2.36 we obtain 1 ,,,, = 0.43, kg =6.9, k|, = 0.006, and k' \yg = 0.226.
After finding the weight from Eq (2.77), we must also check, from Eq (2.65), whether the ob-
tained skin thickness is not !ower than the allowable value. Usually, &,, = 0.8 to 7 mm.

In The case of a quite strong coupling between bending and torsion, the minimal wing
weight is obtained for P,,, > Py. In this case, the minimal wing weight coefficient can be
obtained from curves analogous to those in Fig 2.37 which were plotted for the case when
z=0.45,and F,,, = 0.52 (6 = 1.2mm).

If we present the main-rotor thrust losses due to the wing download as

ATm, = CugSwg, Where Sug = Sy/2nR?p, ,

and assume that ¢, = 0.9 for the wing without flaps which can be defiected in hover, then the
optimal wing area can be obtained from the condition that sum AT, .+ ng is a minimum.
From this, we find that

_ L\ ka'wykd.w(ut)rznnx-énac
Swsloo2\57) ¥ 20gPHIT ¥ 2GracIGer (281

where G,y = Gpac/Gyr-
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Figure 2.37 Weight coefficients R 'of the wing and its vibratory frequencies depending on
relative spar area Nspar various values of L/ i: L/i=15; ~ -~ L/i=20; = L/i=25

If we use the values obtained above for the coefficients appearing in this formula and
take L/2R = 0.913 and the nacelle relative weight G,,. = /8%—ijust as for the V-12 helicop-
ter—then for the optimum value (pr),J = 0.105, the weight of the wing having area S
200 m? and chord b = 6.3 m would be 5400 kg, while the download losses due to flow over the
wing would amount to AT = 9000 kg.

In the actual design of the cantilever wing for the V-12 helicopter, its weight was found
to be 7.5 to 8 tons. Consequently, the values given here of the k;vg and k';vg coefficients
should be considered optimistic.

We note in passing that the use of a multi-strutted wing with inverted taper for supporting
the main rotors on the V-12 helicopter made it possible—with a somewhat lower weight of the
outer-wing panel—to reduce the download losses to 3.4 tons (AT = 3.5%). This represents a gain
of about six tons with much greater safety in regard to the ground resonance instabilities.

2.2.12 Truss-Mounting of Main Rotors in Side-by-Side Helicopter Configurations

The use of truss-type {multi-strut) construction for support of lifting rotors (Fig 2.38)
makes it possible to shift the airframe natural vibration frequencies represented by the mode
dominated by vertical displacements of the main rotors outside the operational rotational
frequency band. This solution will please the designer since the possibility of the occurrence of
ground resonance-type oscillations in flight now disappears. In addition, the truss-type con-
struction is somewhat lighter than the cantilever wing construction, and also makes it possi-
ble to reduce the thrust losses due to wing download.

On the basis of these and many other considerations, the decision was made to use
truss-type construction for the outriggers of the V-12 helicopter.
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Figure 2.38 General view of 8 multi-strutted side-by-side type helicopter {v-12)

The vertical stiffness of the truss at the point of rotor attachment can be found from the
following approximate formula

Coare = kolEFHYIP) | (2.82)

where EF = stiffness of the truss members in tension and compression; H = truss structural
height at the point of attachment to the fuselage (see Fig 2.38); 2 = length of the truss out-
riggers.

The truss weight can be defined as

Gerues = kG LFY (2.83)

truss

and natural frequency in the vertical oscillations as

Py = \/@vert/Gnac)[’ + (2Gnac/Gct.f)] : (2.84)

Assuming that

P, = N, Wpax (2.85)

and using Eqs (2.82) and (2.83), and assuming that ] + (2G,,c/Gy.f ) = const, we obtain
Grruss = ktruu(Q/R)z (2/HP (Ut)zmox Gpac (2.86
where

R = kUt 0,2 ko g ELT + (2600 /Gep )i Up, = 220m]s. (2.87)

truss
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Substituting the parameters of the V-12 outriggers: G, = 7870 kg (with wing but
without the landing gear struts); G,,. =17500kg; 2=15m; R=175m; H=4.8m; and
(Up)rnax = 1-07 into Eq (2.86), we obtain K, ., = 0.0545.

Assuming that in the new designs it would be possible to reduce the weight of the out-
rigger structure for side-by-side helicopters, we can take R, = 0.05.

We will also examine the truss outrigger regarding the requirements for ensuring the

needed stiffness in torsion:
2
Ceors = /2Cygrebwg.s (2.88)

where b, ; = distance between the vertical wing-tip struts which take the loads from the moment

M, twisting the outrigger (see Fig 2.38).
The natural vibration frequency with respect to the outrigger torsion can be defined as

Prors = \/"'mr.sg/".2 Gpac - (2.89)

Taking into account the necessity for providing the required margin for torsional fre-
quency, we find that b, should be determined from the expression

bug.s = Kby s 1077 (O paxHRING pac! Geruss - (2.90)

This expression is important for determining the area of the inverse-taper wing for truss-
type helicopters of side-by-side configuration.

2.2.13 Strutted Wing of Side-by-Side Helicopter

A wing of skin-stressed type (monocoque) (Fig 2.39) can provide the required stiffness
for main-rotor attachment in the longitudinal direction (along the x-axis) as well as in torsion
while the use of a strut can shift the frequency Py of wing vibrations in the plane of least stiff-
ness outisde the main-rotor operating speed range.

Figure 2.39 Side-by-side helicopter with strutted wing

In this case, the wing weight can be found from Eqs (2.77) and (2.78), and the overall
weight of the struts can be found from a formuia analogous to Eq (2.86):

Gserut = Rserue (25ery e/ RV (Rgepy e/ H)? v? Gpac (2.91)

tmax

where £ = strut length (Fig 2.39); and H = structural height of the strutted wing.

strut
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Calculations show that the value of the k,,,,, coefficient may be taken equal to 0.005.
The total weight of the outriggers is

G (2.92)

outr = G G

wg * Gyerue-

2.2.14 Wing of Single-Rotor or Compound Helicopter

The cross-section at areas of the structural elements of the cantilever wing of the single-
rotor transport helicopter are determined by the aerodynamic forces acting on the wing, and by
the wing dimensions: chord, relative profile thickness, and wing span.

Assuming that the wing bending moments are proportional to the wing lift Y g 8nd
wingspan L;i.e.,

Mbond = kM waL .

and the wing-section resisting moment can be determined—as in Eqs (2.63) and (2.64) from an
expression of the form

W=k,0hb
and considering that the weight of the wing structural elements is defined as

G = kgydbL

wg.s.6

from the condition of constant wing bending stresses, we obtain

G = Rg L2 Vyglh.

wg.5.e

Assuming then, as in Sect 2.2.11, that the weight per square meter of the wing elements
which do not carry external loads is independent of the wing dimensions, and expressing the
quantities in the above formula in terms of the wing aspect ratio )\wg and area Sw’, we obtain
the following formula for the cantilever wing weight

3/2
)

G /h] Vdas2 + GugSwg

wg = kwy[(xwgswg
where V,, = design flight speed in km/hr.
The value of &, may be taken as kwg =0.72 X10%, and the value of Gwg: 35 before,

equalto 74to 76 kg/m’g.

2.2.15 Helicopter Fuselage

The helicopter fuselage weight does not depend strongly on the loads acting on the
helicopter, but is basically related to the surface area enclosing the fuselage structure.

Therefore, in the preliminary calculation of fuselage weight, a suitable approach is
based on the following:

Gy = {-qiS; (2.93)

where S; is the surface area of the various fuselage elements; g; = weight per meter squared of
the corresponding structural element.

If the relationship between the various areas S; remains approximately constant, this
formula can be still further simplified, setting
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G¢ = Gay S¢. (2.94)

where g,, = average weight per square meter of the fuselage surface.

However, Eqs (2.93) and (2.94) do not reflect the weak, but still significant influence
of the external loads on fuselage weight.

In order to take this influence into account, we can use the following approach, which
was used previously by V.V. Kronshtadtov in a somewhat different form. We shall determine
the parameters on which the weight of the fuselage fongitudinal structure depends, and the
form of this relationship in the case when the normal stresses from the fuselage bending mo-
ment are equal to the allowable stresses for this structure. Then in the same way, we determine
the weight of the structural elements resisting the shearing force. We shall term these weights
the partial structural weights of the fuselage.

The partial structural weight necessary to ensure allowable normal stresses in the longi-
tudinal structure from the fuselage bending moments can be found from the approximate
formula ,

Gy = ky G, L2 /h
m MSgrt-*¢

where Gg, = helicopter design gross weight; L = some linear dimension defining the magnitude
of the bending moments acting on the fuselage. For single-rotor and tandem helicopter con-
figurations, this is the distance between the rotor axes. For the fuselages of side-by-side heli-
copters, this is the distance along the x-axis from the line connecting the lifting rotor axes to
the point of application of the forces on the empennage; Qd, = length of the working part of
the fuselage, having transverse dimensions determined by the given transverse dimensions of
the cargo cabin. For single-rotor helicopters, this is the length of the fuselage minus the tail
boom; A = structural height of the working part of the fuselage.

The partial fuselage weight required to ensure allowable tangential stresses from the
shearing forces can be found from the analogous formula,

Ga = ka Gﬂ’2¢'

However, the structural element section areas will be determined by the external loads
only in certain segments of the fuselage. In the largest part of the fuselage, the component sec-
tion areas determined by the external loads are much smaller than those resulting from manu-
facturing and technological considerations as well as the need to ensure local strength. There-
fore, the fuselage weight is always greater than its various structural weights and, as we have
already mentioned, depends to a considerable extent on the fuselage outer surface area S¢.

In addition, the overall fuselage weight of transport helicopters is influenced consider-
ably by the cargo floor weight which is usually proportional to the weight of the payload
Gp', transported by the helicopter and the cargo floor width by,,.

If we assume that all the aforementioned factors have a definite influence on fuselage
weight but that the degree of their influence is different, we can represent the fuselage weight
in the form

G¢ = Fd) (S¢)s [Gg.w L 2¢//7]m ( Ggr Q¢ )q (Gp./ bflo )g

where the exponents s, m, g, and g will determine the degree of influence of the forementioned
factors on fuselage weight.
Transforming this formula somewhat, we obtain
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NORMAL
GROSS ~
HELICOPTER Gy | WEIGHT | 54 L 25 kg k:,,
kg Ggrr kg m? m
Mi-1 341 2470 32 8.55 0.620 2.29 1.7
Mi-2 445 3700 40 8.77 0.526 2.22 1.73
Mi-4 936 7500 70 12.64 0.563 2.39 1.74
Mi-8 1465 11100 105 12.64 0.900 2,23 1.61
Mi-6 6070 41000 295 21.08 1.110 2.86 1.72
Mi-10 5100 43000 254 21.24 2.100 2.71 1.47
V-12 12750 96000 566 17.90 1.120 2.73 1.69
S§-51 370 2500 37 " 9.10 0.520 218 1.70
S§-52 208 1650 28 6.80 0.503 1.73 1.42
S-55 450 3270 56 11.00 0.550 1.72 1.29
S-58 570 5900 75 10.00 0.620 1.45 1.08
S-61B 930 8190 114 10.65 0.850 1.51 1.06
S-61R 1310 8845 126 11.50 0.920 1.9 1.31
S-56 1400 14060 140 16.50 0.520 1.66 1.17
§-65 (CH-53A) 2140 15200 175 13.37 0.920 2.04 1.36
$-64 (CH-54A) 1200 17240 120 13.60 1.830 1.55 0.92
CH-46A 1160 8800 103 10.16 0.940 2.02 1.41
CH-47A 2040 12950 180 11.94 0.960 1.98 1.34
CH-478 2480 14970 180 12.04 0.960 2.32 1.56
CH47C 2100 14970 180 12.04 0.960 1.96 1.32
TABLE 2.6 HELICOPTER FUSELAGE DATA
& G¢ kg
¢ Ggro'“ S¢o,sa' kgo'"ni""
| V12 | @Mi6
¢ ® mi-10
2.0 Mi-1 vy
“Mi-2 :.3—5_1, C&_’I_Bﬂﬁth vibration absorbers)
CH8A iﬂ'CH47A_ @ 565" |
550 S ginCHATC ] (séas
®s.55 | P
1.0 S-61
: $-58 | k — crane |
M — marine
O -single-rotor | T — transport
O - tandem P ~— passenger
O =~ side-by-side ® — remaining typu'._
_.N of helicopters
) 5 10 15 20 L,m

Figure 2.40 Fuselage weight coefficients k¢u:ad in Eq (2.96), not accounting for fuselage length




Gy = kpGpf B8Ggr )™ 7 SylL/n)" b, . (2.95)

The values of the exponents in this formula can be determined by making more detailed
calculations of the weight of various fuselage designs in which only certain of the parameters
influencing the weight are alternately varied.

For example, by varying only the cargo weight transported by the helicopter, or only the
helicopter weight, and leaving the fuselage dimensions unchanged, we can determine g and m+q.
By varying the dimensions of the fuselage cross-section only by alternating its height and width,
while keeping Gp.,, G,,,, 524,, and L unchanged, we can determine s — m and s+ g. The ex-
ponent m can be evaluated by examining designs with different L and Q¢, varying them both
jointly and independently. The results of such calculations by various authors, especially by
V.V. Kronshtadtov, lead to the following approximate values of these exponents: s = 0.67...
0.88;, m=0.1..0.16; ¢g=0.09...0.76, and g <0.05.

Various simplifications of the formula for G¢ are possible. The cargo weight Gp', can be
taken proportional to the helicopter gross weight. ’

The value of the exponent g can be set equal to zero and we can thus exclude the influ-
ence of the shearing forces on fuselage weight. It is also possible to assign constant values to the
other exponents, but within the scatter limits obtained in the various calculations.

We take: g +m=0.25; s=0.88; m=0.16; and ¢ =0.

Then, neglecting the influence of Q¢, L/h, and by, we obtain the following quite fre-
quently used formula:

G¢ = k¢ Ggro'zs S¢°"s . (2.96)

In determining the optimal main and tail rotor diameters, it is very important to account
for the influence of the distance L between the rotor axes on the fuselage weight while, if pos-
sible, maintaining the fuselage working section length constant. In this case, the following
formula is more exact:

G¢ = k¢¢Ggr0.25 S¢0.88(’E¢L)0.l6 . (2.97)
Here,
%= Rp/%, . where 85 = 84/h; (84), =6

The value of 2¢ usually changes along with the variation of the dimension L. We can
assume that approximately, 2¢ EL or 924, = L% where, in the calculations presented in Sect
2.5, we have takena =~ 0.2.

This approach makes it possible to take the same values of the weight coefficients k"¢
when comparing different transport helicopter configurations.

The value of the coefficients k¢ and k"‘¢ for several well-known helicopters are shown in
Table 2.5 and Figs 2.40 and 2.41. In calculating these coefficients for helicopters with engines
which are not located in individual nacelles, the weight of the powerplant installation is in-
cluded in the fuselage weight. Correspondingly, the fuselage outer surface area S¢ also includes
the cowlings.

Since Eq (2.97) and the exponents used therein were obtained from calculations based
on transport helicopters (with cargo fioors, doors, and ramps), this formuia should be used with
some care in application to other types of helicopters. The weight coefficients for these helicop-
ters are presented in Figs 2.40 and 2.41 for information only.
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Figure 2.41 Fuselage weight coefficients k™ s used in Eq (2.97) which take into account the influence of
parameters characterizing fuselage length @ and distance L between rotor axes on fuselage weight
(hatched area corresponds to the contemporary level of transport helicopters)

It should be noted that in design calculations and in the selection of fuselage weight
coefficients, we should use only the data related to Soviet helicopters, since the requirements
for operation in more severe climatic conditions which affect the fuselage weight, are reflected
in their design. In addition, there is no assurance that all of the elements which we include in
the fuselage weight are included in the published data on foreign helicopter fuselage weights.

Analysis of this data and later developments show that for modern Soviet helicopters,
we can count on building fuselage with weight coefficients of k*¢ =]3..176.

During the more advanced design stages, the fuselage weight estimate can be broken
down into a detailed investigation of the individual major fuselage components which should
obviously result in an improvement in the accuracy of the calculations.

2.2.16 Cowlings of Side-by-Side Helicopters

For single and tandem rotor helicopters, the cowling weight is most conveniently in-
cluded in the fuselage weight. In side-by-side helicopters, the cowlings are far removed from the
fuselage. As a result, their surface area markedly increases. In addition, the cowling construc-
tion becomes much more complex because of the necessity for ensuring safe servicing of the
engines at a considerable height above the ground and of all the equipment located in the
nacelles. As a result, the cowling weight increases correspondingly, reaching about 1.8 percent
of the gross weight for the V-12 helicopter.

Separation of the cowling weight from the fuselage weight of the side-by-side helicopter
is also necessary for more accurate determination of the nacelle weight which is required in
calculating the weight of the main-rotor outriggers.
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The weight of internally stiffened cowlings can be determined from a formula which is
normally used in weight calculation practice:

= kcowsacow (2’98)

GQDW

where S.,,, = cowling surface area in m?; Reow = COWling weight coefficient—recommended
by Kronshtadtov as 4.5 to 5.5; he also recommended that « = 1.25.

In those cases when the cowlings have not yet been designed and their surface area is
difficult to determine, we can use an approximate formula in which this area is related to
engine dimensions which, in turn, depends on the engine power

G,

cow

= 2k} gu [(EN,p 121" (2.99)

where, considering the compactness of modern engines and new nacelle structural configura-
tions, the value of kéow should be taken as equal to 1.0, instead of 1.6 as in the case of the
V-12 helicopter.

2.2.17 Main Rotor Mount

The weight of the gearbox frame of single-rotor and tandem helicopters is usually no
more than 0.6 percent of the gross weight and, in calculations in the preliminary design stage,
it can be combined with the gearbox and fuselage weights. In truss-type side-by-side helicopters,
the main rotor mount weight increases and, in the V-12 helicopter, the so-called gearbox com-
partment weight amounts to 1.6 percent of the gross weight. Therefore, in calculations of this
helicopter configuration, it is recommended to take

G,

ab.c = RgbeG, ' (2.100)

g.b.c Vgr

where k’_b.c =0.015.
In side-by-side helicopters with a wing, the gearbox compartment weight is included in
the wing weight. :

2.2.18 Helicopter Landing Gear

The landing gear weight is usually defined as a percentage of the helicopter gross weight

GI.' = k/.ﬂGﬂf' (2.101)

However, for the same gear configuration and equal level of design skill, the gear weight

will depend on the magnitude of the forces acting on the gear struts during landing. It is well

known that these forces depend on the helicopter mass referred to the wheel. Therefore, we can

consider that the gear weight is proportional to the sum of the maximum values of the masses
referred to all the landing-gear wheels.

z (Tn',,,) (2.102)

max

where M, ¢ = M g¢/Mpg -
For helicopters of all configurations, the design case will be the one-leg landing. In such a
landing, the referred mass will be maximum.
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The mass referred to the wheels of one leg can be determined from the following approx-

imate formulae:
when landing on the main gear,

Mpgf = 107 + (bxz//';z) + (bzz//'xz)]J (2.103)
and when landing on the nose gear,
Toer = V2T + (g21i2) + (a2]i2)], (2.103)

where the coefficient T/;,,= (0.85)* = 0.72 (accounting for the lower contact velocity of the
nose wheels, usually taken as equal to 0.85 of the main gear touchdown speed); ax, d;, by,
and b, are the distances of the nose and main gear wheels from the helicopter c.g. (see Figs
2.38, 2.57, and 2.75); ayx is determined for the most forward, and by for the most aft c.g.
position; /x and /; respectively, are the helicopter radii of inertia about the x and z axes.

Typical values of the quantities appearing in these formulae and the referred masses are
shown in Table 2.6.

“One-Leg” Landing, Main Landing Gear | One-Leg" Landing, Nose Landing Gear
»
Masses referred Masses referred j
HELICOPTER , . to wheels of to wheels of .
CONFIGURATION | /i | %/i’x; | of mainland- | &,/i%; | &t of nose land- g€
ing gear leg ing gear leg (:i
Single-Rotor 0.06 1.00 0.49 1.7 0 0.27 1.25
Tendem 0.20 1.00 0.45 0.5 0.91 0.30 1.50
Side-by-Side 0.12 0.21 0.75 23 0 0.22 1.72

TABLE 2.6 DETERMINATION OF THE SUM Z(h—'lr’f)m" OF RELATIVE MASSES REFERRED TO
ALL THE GEAR LEGS

Thus, on the basis of the fact that for the same design scheme, the gear weight is propor-
tional to the sum of the maximum values of the masses referred to all helicopter gear legs, we
find that the landing-gear weight of the tandem should be 1.2 times, and the side-by-side, 1.4
times higher than that of the single-rotor configuration. Consequently, if we assume that &, Pl
0.02 for the single-rotor helicopter, then for the tandem, it should be taken as £, , = 0.024, and
as Ry 0" 0.028 for the side-by-side configuration.

it should be noted, however, that the gear weight depends, to a large extent, on the con-
figuration of the gear itself, which may lead to a considerable deviation of the weight from that
determined from the above-presented coefficients. Thus, for the V-12 helicopter gear, k,', =
0.045. The values of the weight coefficients for various helicopters are shown in Fig 2.42.

We see from this figure that the skid landing gears are lightest (&, , = 0.07}, and the
heaviest are the gears of cranes designed for external transport of loads between the gear
struts, as in the Mi-10 helicopter (k,_, = 0.06). As a rule, the landing gears of tandem heli-
copters are heavier (&, g 2 0.033) than those of single-rotor configurations for which, in many
production machines, the weight coefficient k,.a = 0.028 has been obtained, and even lower
values have been achieved in the latest designs.
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2.2.19 Helicopter Equipment

in the equipment weight, we include the weights of the flight navigationa! and cockpit .
instrumentation, and such items as radio equipment, electrical equipment, cockpit equipment,
cabin equipment, and various special equipment systems:

G =Gyt Gyt Gyt Gp gt Gypge - {2.108)

eqp

The composition of nearly all forms of equipment depends on the helicopter mission and
therefore, it is very difficult to estimate the weight using a general formula without listing all of
the elements of this equipment.

However, there is a definite relationship between the equipment weight and the heli-
copter parameters and configuration, which may influence their comparative values in a definite
fashion. Therefore, it is advisable to select, from the overall equipment weight, those elements
whose weight does not depend on the mission or on the helicopter parameters or configuration.
One such element is the helicopter electrical system.

It is possible to make a preliminary estimate of the weight of the electrical system in its
modern form when the primary power sources are AC Generators, the power of which is de-
termined by anti-icing system requirements. In this case, the weight of that part of the electri-
cal equipment which is determined by the overall power of the electrical power sources in-
stalled aboard the helicopter can be found by the formula
AG

el.ice

= Ret.ice For (2.106)
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where Fj, = total blade area proportional to the blade heated-surface area. Relationships pre-
sented in Eq (2.106) are justified by the fact that the power generated on board is consumed
by the blade anti-icing system.

It is also very important to consider the weight of the increased wiring in twin-rotor
helicopters. On the V-12 helicopter, the electrical equipment weight amounts to 2630 kg,
which includes 1360 kg for the weight of the wiring. On the Mi-6, the electrical equipment
weighs 1050 kg, including 400 kg for wiring. This situation can be dealt with by setting

Ggr = Ryirl + Ropjce Foi (2.107)

where, for the single-rotor helicopter configuration, we can take ki, =221t024 kg/m. For the
twin-rotor types, we set R, = 35 to 40 kg/m, while L represents the distance between the
rotor axes.

The value of &, ;-, can be taken equal to about 5...6 kg/m2 for medium helicopters
of all configurations. It should be noted that for light helicopters, the coefficient R, joq in-
creases to 72... 16 kg/m?, while the coefficient k,,;, decreases to about 70 kg/m.

For correct selection of the optimal helicopter size, it is very important to consider the
fact that the equipment weight is related in a definite fashion to the helicopter gross weight;
and with an increase of the latter, the relative equipment weight fraction decreases. In order
to account for this dependence, we propose that the weight of the equipment for -general-
purpose helicopters, excluding the electrical equipment, be found from the following formula

— 0.6
Gegpo = keqp Cgr

where, as we see from Fig 2.43, the weight coefficient k,qp for general-purpose helicopters
may vary within the range of (kegp),;, = 1.6 to (Regp) pex = 2.65, depending on customer
requirements. It should be noted that (k,qp)m,.n determines the minimal equipment weight
necessary for conventional helicopter operation under simple flight conditions, and (k,qp )m. x
corresponds to the maximum weight of the equipment that the customer may require.

The following formula is suggested for determining the weight of all the helicopter
equipment

Gogp = eqp Ggr® + Rwirl * Kepice For- (2.108)
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Figure 2.43 Weight coefficients of equipment {without electrical installation) vs
gross weight for general-purpose helicopters



2.2.20 Vibration Absorbers

When selecting the helicopter configuration and the number of main-rotor blades, it is
necessary to consider the magnitude of the vibration that may occur in the fuselage and cockpit.

In order to equalize the various helicopter designs in regard to this aspect, it is advisable
to assume that if the vibrations exceed the aliowable norms, special devices should be installed
for vibration absorption, and their weight should be included in the structural weight.

If conventional inertial absorbers are considered, one must determine the active mass
required to provide the necessary reduction of the vibration amplitudes, as well as the corre-
sponding overall absorber weight which is proportional to its active mass.

The active mass can be determined only as a result of helicopter vibration calculations
which are very difficult to perform in the preliminary design stage when helicopter parameters
are being selected. Therefore, at this stage, various approximate estimates are normally used.

On the basis of experience in the development of single-rotor helicopters, it is known
that if everything possible has been done to achieve separation from resonant modes, vibra-
tions usually increase with an increase in takeoff weight and flight speed, and decrease with an
increase in the number of main-rotor blades. For single-rotor helicopters having more than five
blades and maximum speeds up to 300 km/r, it may be expected that the vibrations will be
within the allowable limits, even for very large helicopters.

The problem of reducing vibration is particularly severe for tandem helicopters in which
the main-rotor forces that excite the vibrations are applied at the antinodal points; while in-
creasing the number of bladse above four practically excludes the possibility of reducing the
fuselage length by overlapping the rotors.

Therefore, the following expression is proposed for tandem-rotor helicopters in the
parameter selection stage

= Ry 45 G,

or (2.109)

v.ab
where &, ,, = 0.015 for four bladed, and %, ,p =
0.025 for three-bladed, rotors.

The construction of the vibration absorbers
for the Chinook CH-47C helicopter for which
R, ap = 0.026 is shown in Fig 2.44. The location of
the vibration absorbers on this helicopter is shown
in Fig 2.46.

The side-by-side helicopter rotor mount out-
riggers can be used as vibration suppressors to
achieve separation from resonant conditions and
thus significantly reduce fuselage vibrations. There-
fore it is not necessary to use inertial vibration
absorbers in this configuration.

niw

oo n
-

Figure 2.44 Vibration absorber of the CH47C
Chinook helicopter24

2.3 Some Constraints Encountered in Design

Those who point out design constraints run the risk that with the passage of time, they
may be proved wrong since, due to technical progress, existing constraints constantly change,
shift, or can often be surmounted. Nevertheless, constraints do exist. However, in the below
enumeration of those constraints with which we must contend today, we must keep in mind
the possibility of overcoming them in the very near future.
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However, these limitations do not disappear by themseives, but rather as a result of the
general development of technology. They can be overcome only with the application and veri-
fication of new approaches which are not known today; new design principles, new materials
with improved characteristics, introduction of more advanced technological processes, etc.,
which is possible only as the result of long and serious research.

2.3.1 Constraints Presented by Average Disc Loading of Lifting Rotors

Since all types of general-purpose helicopters must operate in hovering near the ground,
the average main-rotor disc loading that governs the rotor downwash velocity must be strictly
limited.

For transport helicopters which are not destined to perform installation or other crane-

-type operations during which personnel are located below the helicopter disc, loading should

not exceed 70 to 80 kg/m?. :

For crane helicopters used for instaliation and other operations during which regular and
specially equipped personnel are located beneath the hovering helicopter, the average disc
loading should not exceed 50 to 60 kg/m?,

For helicopters used in rescue and other operations during which people must be hoisted
into the hovering helicopter, disc loading should not exceed 30 to 35 kg/m?.

We note that for twin-rotor helicopters with overlapping rotors, the disc loading in the
overlap zone located immediately above the area where the operations are performed approxi-
mately doubles in comparison with the average disc-loading value. As a result, the downwash

velocity in this region increases by a factor of about /2 in comparison with the average in-

duced velocity.
However, considering the limited dimensions of the overlap area, the disc loading in this
zone can be allowed to be about 15 percent higher than the above-indicated values. Conse-

quently, for twin-rotor transport helicopters with overlap, the overall rotor area loading should -

be no higher than 45 kg/m?.
2.3.2 Stall Constraints

The approach of main-rotor blade stall manifests itself, first of all, in the growth of alter-
nating loads in the boosted control system, and then, in a growth of the alternating loads in the
other components, and increased helicopter vibrations.

In order to avoid flight in such regimes on the single-rotor helicopter, it is customary to
not exceed the thrust coefficients (t,),, shown in Fig 2.46. These limitations are considered
valid for the blade airfoil sections in present use, and are not reduced up to rotor tip speeds of
w R = 230 m/s. The same constraints are valid in determining the flight characteristics of the
side-by-side rotor configuration. For wR <200 m/s, the values of (ty).,, may be somewhat in-
creased (but no more than 5 to 7 percent),

Somewhat more restrictive stall limits are established for the tandem-rotor configuration
because of the fact that at maximum flight speeds, the forward rotor of this helicopter operates
at more negative angles-of-attack (which leads to the earlier appearance of stall), while the aft
rotor is in the field of alternating induced velocities from the forward main rotor. This is con-
firmed in part by the limitations established for the Chinook helicopters—shown in Fig 2.46—
although it is not certain they correspond to the same degree of penetration into stall as in the
case of the single-rotor configuration.
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Nevertheless, considering these limitations, and assuming that the optimal flight regime
is that where v = 0.2, we find that at altitude H = H; and w R = 230 m/s, the thrust coeffi-
cient should not be higher than ty,, = 0.0225 for the single-rotor, and no more than ty,, =
0.2 for the tandem configuration. _

If we assume that the forward-flight (service) ceiling for these helicopters is Hg =4500m
(relative air density A = 0.634), we find that for a main-rotor tip speed at sea level of (wR)o =
220 m/s, the thrust coefficient for 4 = 0 should not exceed ¢, = 0.155 for the single-rotor,
and ty,, = 0.74 for tandem helicopters. ) _

For other values of the given H,, and accounting for the required values of V at H =0,
the allowable coefficients 2, o an be determined from the curve on the left side of Fig 2.46.

2.3.3 Constraints Due to Twin-Rotor Helicopter Overlap

in designing twin-rotor helicopters, it is very important to reduce the distance between
the lifting rotor axes as much as possible because this makes it possible to reduce the dimen-
sions of the wing (or truss) in the side-by-side, and the fuselage length in the tandem configura-
tions. Reduction of these dimensions reduces the structural weight and increases the weight
efficiency of the helicopter.

The most effective means for reducing the distance between the rotors is rotor overlap
which, however, generates a new problem—the possibility of blade strike in the course of their
opposing mation in the rotor-rotation plane.

It is pointless to try to avoid blade strikes by limiting blade motion through stops since
the stops would not restrict biade motion if, under the influence of external forces, the blade
deflects beyond established limits. The blade will continue its movement through bending and,
if the stop does not vield, the blade will eventually break upon reaching ultimate stresses.
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Rotor blade strike becomes most probable when the differential collective pitch is
applied, as then the torque on one rotor increases while that on the other rotor decreases.

In general, the possibility of blade strike depends on the magnitude of the overlap,
the possible difference in the torques on the rotors, the nature of the variation in time of these
torques, blade parameters, blade retention at the hub, and finally, stiffness of the transmission
which synchronizes rotor rotation.

We shall consider the contact of the
blade axes in the plan projection as inadmis-
sible since, in this case, the probability of
strike is very high and depends only on the
mutual positioning of the blades in their
respective flapping planes (Fig 2.47).

For tandem helicopters with the
aft rotor plane of rotation elevated above
that of the forward rotor, blade strike is
most probable when the control stick is Figure 2.47 Mutual position of Chinook helicopter
moved aft, when the forward coning angle blades in their respective flapping planes
increases and that of the aft rotor decreases.

For the side-by-side rotor configuration with symmetric arrangement of the rotors,
interference may not occur when the control stick is moved to the side, even if the blade axes
contact each other in the plan projection. This is due to the fact that the blades may be at
different elevations in their flapping planes.

However, it is easy to show that in the case of quick deflection of the control stick and
return to the neutral position, the coning angle of the lifting rotors will follow the collective
pitch change with a very small time lag. By contrast, because of the low natural frequency of
the system, the blades will still be near their extreme positions in the plane of rotation as the
control stick is returned to neutral. Consequently, the blades may actually come into contact
if their centerlines touch in the plan projection.

We see from Fig 2.48 that with deflection of the blades of both rotors in different direc-
tions thorugh angles of the same absolute magnitude of Af,,, the blade axes will touch each
other in the plan projection if the overlap

P = 2—coslAk,, + AY) —sin(Ak,y + AV tan [(n/2,,) — Ak, + AY] (2.110)

where P = P/R is the rotor overlap; z,, = number of main rotor blades; Af,, = maximum
allowable blade deflection angle in the plane of rotation for which the biade axes contact each
other in the plan projection; Ay = azimuth angle of the initial blade position of one of the
rotors measured from the line joining the rotor axes.

Eq (2.110) can be used to determine the allowable angles A%, for different initial blade
azimuthal positions Ay. The minimum allowable values of the At,, angles corresponding to
different Ay values are shown in Fig 2.49 as a function of overlap P and number of main rotor
blades. The points corresponding to the parameters of several widely known helicopters are also
indicated on the curves.

With change in the differential blade collective pitch, the aerodynamic torque on one
rotor increases and that on the other rotor decreases. In this case, the mutual position of the
rotor blades changes, both because of blade deflection about the vertical hinge and the angular
rotation of the rotors about their axes caused by torsional deformations of the synchronizing
shafts.
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Figure 2.48 Scheme for determining maximum permissible blade deflection in
the plane of rotation resulting from the no-blade-strike condition
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8k = Ny U7 = (R plrae) ) f2p) 0* S 8y pka,) + (T/cq.r) }AMqQ (2.111)

where A% = blade deflection angle increment in the plane of rotation resulting from both biade
rotation about the lag hinge, and by deformations of the synchronizing transmission; 7\d =dy-
namic response coefficient depending on the nature of the torque variation with time; £, , =
distance from the rotor axis to the lead-lag (vertical) hinge; S, , = static mass moment of the
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blade reiative to the lead-lag hinge; w = rotor angular velocity; r,,, = radius of application of
the resultant aerodynamic forces acting on the blade in the plane of rotation. We can take
reer = 0.7R where R = blade radius; ¢, ,, = torsional stiffness of the synchonizing transmission
(one-half) referred to the main rotor axis; AM, = average differential increment of the aerody-

namic torgque
Mg = Mg — Mg )2; (2.112)

Ma, and Mg, are the aerodynamic torques on the main rotors; ko, = the coefficient account-
ing for reduction of the restoring moment from the centrifugal forces relative to the vertical
hinge because of rotation of the vertical hinge because of rotation of the vertical hinge axis rela-
tive to the horizontal hinge axis through the angle a,. The value of this coefficient can be most
accurately obtained from tests on the helicopter.

On the basis of existing theoretical considerations, the value of kg, can be determined
from the formula :
2[1 — (ao 2w [1 — (ao7 vd )]

Ra, = —= 7 2 pron 2, 2.1° (2.113)
o AMQ] [’ - (aol /”o )] + AMO:[I - (aai /”o )]

Here, vo =/ &, S, 5/l is the relative natural frequency of blade oscillations in the plane of
rotation; and a,, and g,, are the main rotor coning angles,

Mg = Mg [AMqg; Mg, = AMg [AMg

where

AMO, = Mal - Mao; AI"’Q2 = Mao —'Maz,

Ma o ~ torque in the initial stage prior to control stick defiection.

The value of the coefficient kao decreases as the stabilizing moment relatve to the ver-
tical hinge diminishes. In the regimes examined below with abrupt control stick deflection
while maneuvering the overloaded helicopter, this coefficient, determined from Eq (2.113),
amounted to 0.86" for the Chinook and to 0.67 for the V-12 helicopter.

One can visualize two different cases of control applications which lead to reaching the
maximal values of AE: during abrupt maneuvering of the helicopter with use of differential
collective pitch when the maximal value of AMg is reached but the dynamic response coeffi-
cient Ay is not large; or during such control applications when, in order to maintain the required
attitude, the pilot must periodically deflect the control stick, unintentially causing resonant
oscillations of the blades with large dynamic response coefficient.

For evaluation of the operating conditions of synchronizing transmission in regimes
that are critical with respect to blade strike, it is convenient to use the concept of main rotor
differential overload with respect to the torque:

nmg =1+ MyelMg),, | (2.114)

max

*For the Chinook helicopter, the ka,, coefficient was calculated without accounting for
variation in the vertical hinge inclination resuiting from the blade rotation about the pitch axis.

95



where (Ma),, ox = rotor torque corresponding to maximum engine power with uniform power
distribution between the rotors; and M, ,, = Ny AMq’is the maximum torque transmitted by
the synchronizing (transmission) shaft.

Calculations made for several helicopters, and presented below in part, show that the
critical velue (with respect to blade strike) of the average differential torque increment coeffi-
cient can reach values of Am g = 0.01. From this, we can also define AMg as

Mg = %paFlwR)P? RAM,.

Consequently, if the torque coefficient corresponding to maximum engine power
amounts to mg = 0.012, then for Ag = 1.8, the differential main-rotor torque overload may
reach nyq = 2.5, and the power transmitted by the synchronizing shaft may become 1.5
times higher than one-half of the maximum power of the engines.

In selecting the allowable rotor overlap for the twin-rotor helicopter, we must assume
that in some (perhaps, very rare) cases in performing a maneuver, the pilot will use the entire
differential collective pitch range, deflecting the control stick to the stop.

In this case, the differential torque rotor increment AMg varies as a function of flight
speed and becomes maximum at Vmax- However, it may also reach a significant magnitude
in hover.

At high flight speeds, the differential torque increment AM g increases very markedly
if, in performing the maneuver, one of the rotors (with high collective pitch angle) enters the
stall regime.

The possibility of encountering stall when controlling the helicopter depends very
strongly on the rotor load defined by its thrust coefficient ¢, and the range of rotor collec-
tive pitch increment Acpc'p used for control.

It would appear that the twin-rotor helicopter should be designed so that at full dis-
placement of the control stick, the rotor would not encounter stall. But this means that the
stall margin of the rotor must be very large. Practice indicates that it is not rational to design
twin helicopters in this way. For this reason, all twin-rotored helicopters are designed in such
a way that with control inputs restricted to very small displacements, the rotor would not
enter into stall at the maximum flight speed. The stall margin is no more than 2 to 2.5 degrees
with respect to collective pitch angle, while the control range of the differential pitch alone
is usually at least A‘pc.p = +4°. Therefore, at. maximum flight speed with full control stick
deflection, one rotor of the twin-rotor helicopter generally encounters stall.

The possibility of blade strike becomes particularly likely when the control stick is de-
flected to the stop in the process of maneuvering the helicopter and at the same time, the rotor
collective pitch is briefly increased so that the power required for flight becomes larger than the
available engine power and the rotor rpm begins to decay. In this case, the rotor whose pitch
increases when the control stick is deflected will enter a particularly deep stall.

Figure 2.50 shows the calculated torque coefficients for a helicopter having parameters
close to those of the Chinook at maximum flight speed. In order to simplify the analysis, the
calculation was made only for the forward rotor with flapping compensator (delta-three)
x = 0.5

The delta-three coupling for the aft rotor of this helicopter is X = 0, but during contro!
displacement, its collective pitch varies correspondingly more. Therefore, the characteristics of
the aft rotor remain approximately the same as for the forward one.

It can be seen from Fig 2.50 that at the maximum flight speed with aft deflection of the
control stick, the forward rotor immediately enters into the stall regime as a consequence of
the collective pitch increase, and also because of the increase in the helicopter angle-of-attack.
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Figure 2.50 Dependence of rotor torque coefficients on angle-of-attack of the front rotor st various
values of the blade collective pitch for & helicopter with parameters similar to those of the
Chinook CH-47A at maximum speed-of-flight (hatched ares defines stsll regime)

If the control stick is deflected abruptly to the stop” then even with accounting for the
angle-of-attack change, the torque coefficient difference becomes 2Amg =mq, — mq, =
0.013.

If, in this case, the rotor collective pitch angle is increased by only 3 degrees, and a load
factor of n = 7.2 is obtained while at the same time the control stick is deflected to the stop,
the difference in the torque coefficients increases to 2Amg = 0.02.

If, during a maneuver at maximum speed, the collective pitch is increased still further
and, in addition, the control stick is moved to the aft stop, it is possible to obtain mq, — mq,
> 0.02. However, the probability of such a maneuver is very remote.

*Differential pitch variation of Agac.p = ¥ 4° was assumed in analogy to other tandem -
helicopters.
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Figure 2.51 shows the same relationships for the V-12 helicopter. With full lateral de-
flection of the control stick in level flight at 240 km/hr, the difference in the torque coeffi-
cients for this helicopter is 2Amq =Ma; —Ma, =0.0115.
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Figure 2.51 Dependence of rotor torque coefficients from rotor angle-of-attack at various collective
pitch values for the V-12 helicopter in flight at V = 240 km Mr (hatched area defines stall region)

But if this stick deflection is performed simultaneously with increase of the average col-
lective pitch (as shown on the indicator) from ¢;, 4. = 11.5° 0 Yjpge = 15° (overload n =
1.35), the difference in torque increases so that mg, —maq, = 0.02. This latter figure was used
for this helicopter as the maximal possible value in selecting parameters needed to prevent
blade strike. In this case, the collective pitch of one of the rotors reaches the stop as Y;,qc =
19°.

Comparison of the charactersitics presented in Figs 2.50 and 2.51 shows that the param-
eters of the considered helicopters were selected using approximately the same approach to the
stall margin. With sharp deflection of the control stick to the stop, one of the rotors in these
helicopters enters the stall regime. However, if the control stick is deflected simultaneously
with an increase of the collective pitch, one of the rotors enters a very deep stall.

No less important in studying rotor-blade strike is another possibie and hazardous
helicopter control regime.

Systems incorporating twin rotors connected through the synchronizing transmission
exhibit a natural oscillation mode in which all blades of each rotor deflect simultaneously
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relative to the vertical hinge so that the torques—arising, in this case, from the inertial forces of
the blades of the two rotors—are mutually equalized through the transmission.

As a consequence of synchronizing transmission efasticity, the natural oscillation fre-
quency of such a system is somewhat lower than the partial natural oscillation frequency of the
blade relative to the vertical hinge. On the V-12 helicopter, this frequency is about 0.5 Hz
(oscillation period T = 2 sec). .

When controlling the helicopter—particularly during flight in rough air—the pilot may
quite unintentionally deflect the control stick at a frequency coinciding with that of the
natural oscillations of the main rotor system and thus, excite resonant rotor oscillations from
the aerodynamic forces arising on the blades due to periodic variation of the rotor differential
collective pitch. '

In the case of periodic main-rotor excitation at the frequency of the described mode, the
blade oscillation amplitude may strongly increase, particularly in the case of a step-like char-
acteristic of the vertical-hinge damper (friction-type) when the relative damping coefficient
decreases with an increase of the blade oscillation amplitude.

However, in the V-12 helicopter, the possibility of inadvertent excitation of such oscilia-
tions by the pilot is, in considerable measure, limited by the maximum possible rate of dis-
placement of the small first-stage booster of the control system. This does not permit oscilla-
tion of the collective pitch at 0.5 Hz with an amplitude greater than one-quarter of the full
control stick displacement since, in this case, oscillatory damping force in the control system
reaches a value of Pya = 200 kg at the small booster piston, and booster speed can not exceed
Vboo = 60 to 70mm/s (at Pyy =0, Vjoo =95 mmis).

Inadvertently created resonant oscillations excited by the pilot have been recorded
several times in V-12 helicopter flight tests. However, their amplitudes did not exceed A =~ 7°,
and the corresponding power transmitted through the synchronizing shaft reached AN = 5300
hp. ‘

It is not difficult to see that with an increase of the control-stick oscillation amplitude
to one-half its full travel in one direction, the blade oscillation amplitude would reach Af =
75°. However, further increase of this angle is limited by the maximal rate of displacement of
the small booster piston. Thus, there is no possibility of resonant blade strike on the V-12
helicopter.

The danger of the occurrence of resonant blade strike also exists in tandem helicopters
where opposing blade oscillations may be excited by control-stick oscillations in the fore-and-
aft direction.

Particular attention should be devoted to studying the possibility of reducing the dy-
namic response coefficients of the main-rotor control system.

The dynamic response coefficient for the case of a single abrupt control-stick deflection
while maneuvering the helicopter can be determined using routine calculation methods.

tf the control system permits one to perform abrupt control-stick deflection all the way
to the stop in a time equal to, or even somewhat lower than, the system oscillation period,
then the dynamic response coefficient Ay may be equal to 1.8.

Due to the restricted control stick displacement rate used on the V-12 helicopter, the
duration of the impuilsive (sinusoidal) control-stick deflection to the stop can not be lower than
1.6 to 1.8 times the system oscillation period. In this case, the dynamic response coefficient
is equal to or about 1.4. In the design of twin-rotor helicopters, particular attention shouid be
devoted to increasing the torsional rigidity of the synchronizing transmission.

For the specific examples given in Table 2.7, it is shown that the allowable angle of
blade deflection relative to the vertical hinge significantly decreases because of transmission
torsional deformations.
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It is very important to emphasize that the major portion of the main-rotor twist angle
is explained by torsional deformations of the components of the main shafts rotating at the
same angular velocity as the main rotors. In the V-12 helicopter, this angle amounts to about 60
percent of the overall transmission twist angle; while on the Chinook helicopter (we estimate},
it is more than 80 percent. The main rotor twist angle resulting from torsional deformations of
the synchronizing shaft proper is relatively small because of the fact that the synchronizing
shaft turns at a high rotational speed and its stiffness referred to the main rotor should be mul-
tiplied by the square of the gear ratio. Therefore, on the Chinook helicopter; in spite of the fact
that the synchronizing shaft is of Duralumin, its stiffness referred to the main rotor is quite
high (the shaft speed is 7 = 6600 rpom, and the gear ratio is / = 29).

At the same time, the configuration of this helicopter {with very long aft-rotor shaft)
leads to a marked reduction in transmission torsional stiffness which should probably cause
major difficulties in ensuring the required margin with respect to blade strike. According to our
estimates, the angle of opposing rotation of the main rotors as a consequence of transmission
deformation in the Chinook helicopter is even larger than the angle-of-blade rotation relative to
the lead-lag (vertical) hinges (see Table 2.7).

From a comparison of the possible blade deflection in the plane of rotation Af, deter-
mined using Eq (2.111), and the maximum allowable value based on blade-strike conditions
(Fig 2.49), one can evaluate the available margin with respect to blade strike. The results of
the evaluation of this margin for various helicopters are summarized in Table 2.7.

The value of A% determined from Eq (2.111) depends directly on the one-half differ-
ence of the AMq torques of the lifting rotors. As shown above, the value of AM depends on
many parameters, but primarily on the actions of the pilot in an unforeseen situation which
requires unusually abrupt control inputs.

Considering all of this and desiring to obtain comparable estimates for various heli-
copters, mg, — Mq, = 0.02 was taken as the most likely maximum value for all of the mach-
ines listed in Table 2.7; aithough it is quite possible that for some helicopters, even higher
values of the difference in those coefficients can be encountered.

For all of the helicopters, the dynamic response was taken equal to Ay = 7.8. For the
V-12 helicopters with two-step control systems which limit the maximum possible control-
stick movement rate to the small booster piston displacement rate, this coefficient was taken
equal to Ay = 1.4.

The data presented in this table show that on the CH-46 (Model 107) helicopter, the
blade strike margins were right at the acceptable limit, or even somewhat insufficient.

The development of the Chinook helicopter with more than twice the engine power
and correspondingly increased main-rotor size with use of the same types of hub and trans-
mission construction as in the CH-46 {Model 107) helicopter would have led to a deficit in the
allowable blade deflection angles in the plane of rotation amounting to more than 6°. It is
probably for this precise reason that Boeing used a special hub configuration on the Chinook
helicopter with the vertical hinge located outside the feathering hinge, thus significantly in-
creasing the offset of the vertical hinges. The Company took this step in spite of the fact that
this hub configuration leads, in general, to an increase in the hinge moments. In addition, in
order to increase the transmission stiffness, the aft rotor diameter of the vertical shaft was made
equal to d;, = 300 mm for over 70 percent of the shaft length, which is nearly twice the value
of d,y, = 160 mm required for power transmission.

As a result, an excess margin with respect to blade strike was created on the Chinook
CH-47A helicopter which turned out to be very useful in later modifications of the helicopter
in which this margin was utilized.
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Of interest is the fact that when changing over to a four-bladed rotor on the Modei
347, Boeing did not reduce the blade strike margins, but rather reduced the rotor overlap,
which required stretching the fuselage by about three meters.

Comparison of the blade-strike margins on the V-12 helicopter with analogous margins
on foreign tandem helicopters shows that the overlap on this helicopter was selected properly,
although at the limit of the allowable value. The foregoing analyses, calculations, and data on
existing machines show that in selecting the parameters of twin-rotor helicopters with conven-
tional sequencing of hub hinges and rotational speed of the synchronizing shaft, ng, < 3000
rpm, one cannot count on the possibility of increasing the overlap to more than P = 0.63 at
2, =3;P=0.4at z,,=4;andP=0.17 at z,, = 5.

It should be noted that in order to assure flight safety with such overlaps, special steps
should be taken which would guarantee the required blade-strike margins. This would include
the following: increase of the vertical hinge offset, achievement of a very rigid-rotor synchro-
nizing transmission, and limitation of the rate and range of control stick travel when varying
the differential collective pitch of the rotors.

With number of blades z,, # 6, rotor overlap becomes unacceptable.

2.3.4 Maximum Engine Power Utilizable by the Helicopter Because of
Beveled-Gear-Pairs Limitations

Constraints of the power transmitted by bevel gears is important in selecting the param-
eters and configuration of heavy-lift helicopters. This limitation can be avoided in configura-
tions with vertical free-turbine shafts but, to date, no acceptable design of such a scheme has
been realized. Therefore, we shall not examine this scheme.

In accordance with the Gleason technique, we shall determine the torque transmitted by
a bevel gear based on aliowable tooth bending stresses 0y, 4, using the formula

Mgl g = 316 YR, [RRm ) Opgng Mdp ¢ (2.115)
and on allowable contact stresses 0,,,, using the formula
Ma),, e = 1RO Ocont d,:,_".2 [109.5 k,, (2.116)

where Y and / are coefficients which depend on the tooth shape. We shall take the following
values of the coefficients and allowable stresses in these formulae: &k, = 1.0 (coefficient
accounting for nonuniform load distribution over the tooth); &, = 0.9 (coefficient accounting
for dynamics of meshing); k, = coefficient depending on the tooth size (k, = 0.725 for m =
7mm; kg =0.78 for m=10mm; kg = 0.89 for m =16mm); (Opand)y = 21 kg/mm? ; and
(0“,,,).” = 140 kg/mm’. Then for a gear ratio of / = 2.5 selected for examination, and the
maximum possible tooth width b, usually no greater than b = 85 mm, and no greater than
b = 0.3A (where A = length of the generatrix of the principal gear-cone), we obtain the maxi-
mum allowable circumferential load P, as a function of pitch circle diameter dj, , for three
values of the tooth modulus m, shown in Fig 2.52.

For a gear peripheral speed of V., =7 00 m/s, which normally is the maximum value
permitted for such transmissions, we obtain the maximum power which can be transmitted by a
bevel stage. This power is shown in the left-side ordinate in Fig 2.52. In this figure, rotational
speeds corresponding to this peripheral speed are also indicated.
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Figure 2.53 Possible scheme of the first step h -
of the main gearbox of 8 three-engine, consequently, the maximum utilizable en-
single-rotor helicopter gine power can be equal to 48 000 hp.
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Figure 2.62 Maximum circumferential loads P and maximum permissible power N
transmitted by a pair of bevel gesrs at periphersl speed Vygx = 100 m/f, depending
on the pitch diameter of the smaller gear dp ¢ 8t i = 2.5
— — — permissible load from contact stress; ———permissible load from bending stress

It can also be seen from this figure that for the allowable stress 6,,,y = 27 kg/mm?,
and peripheral speed V,

max = 100 m/s, the maximum power which can be transmitted by the

bevel gear pair is Npg, e = 8000 hp, with a small bevel gear pitch diameter of d, . = 220mm,
and the large one of o‘p. ¢ = 550 mm; i.e., with dimensions which seem acceptable with respect
to gearbox layout.

TO MAIN - There is no doubt that as a result of
ROTOR _ new technical advances it will be possible to
: increase both the allowable gear stresses and
maximum rotational speeds. Therefore,
these constraints are evaluated only from
the viewpoint of today’s technology.
We can consider that the Soviet gear
industry is ready for the production of bevel
gears capable of transmitting up to 5000 hp
per pair. If we examine the near future, we
can assume that this power will increase to
8000 hp.
Therefore, in examining heavy-lift
helicopters we must consider the following.
The single-rotor, heavy-lift helicopter
may be a three-engine machine. In this case,
it is possible to develop a gearbox with
transmission of power from the engines
through six bevel gear pairs (Fig 2.53) and




The tandem-rotor helicopter can have two synchronizing'shafts. In this case, the maxi-
mum power transmitted to one of the lifting rotors through two bevel gear pairs can be 16 000
hp. Accounting for nonuniformity of rotor loading amounting to 15 percent, the overall usable
engine power in the tandem helicopter can not be higher than 28 000 hp.

With the known transmission schemes it appears impossible to transmit power in the tan-
dem helicopter to both main rotors through four bevel gear pairs.

It appears to us that the development of a helicopter with three synchronizing shafts is
too complex, less reliable, and therefore, unacceptable.

The side-by-side rotor helicopters can be conceived with four engines, and with the
power transmitted to the lifting rotors through eight bevel gear pairs. Therefore, the maximum
usable power for such a helicopter can be equal to 64 000 hp, which does not appear to repre-
sent a constraint to the helicopter parameters in the immediate future.

Considerable power loading of the bevel gears which drive the synchronizing shaft in the
side-by-side helicopter will be encountered for very brief periods only in conjunction with rapid
lateral deflections of the control stick as well as in case of engine failure and therefore, will not
limit the installed engine power.

2.3.5 Requirements Resulting from Balance Considerations of the Tandem
Helicopter

Sometimes it is considered that longitudinal balancing of the tandem-rotor helicopter
does not cause any problems. Actually, if the tandem-rotor helicopter is well balanced; i.e.,
if, at maximum loading, the forward and aft rotors have approximately the same thrust, then
small variations of the c.g. location is easily compensated by a small difference in the thrust of
the rotors.

However, balancing of the helicopter during design becomes a difficult task. The engines
and their systems, two or more gearboxes, aft pylon, and doors with their ramps are located on
a long arm below the aft rotor and must be balanced by the cockpit and the helicopter equip-
ment. Therefore, in the layout of the tandem helicopter, it is necessary to try to shift the
engines toward the middle of the helicopter as much as possible.

This can be accomplished in such transmission schemes as that of the Chinook helicopter
where the engines can be located at any point along the length of the helicopter as may be re-
quired for balancing (see Fig 2.17). However, the use of this layout with a long shaft of the aft
rotor is possible only for helicopters having a load capacity up to that of the Chinook, but no
larger. In helicopters having higher lifting capacity, the use of such a shaft would lead to very
high weight penalties.

It is apparently for this reason that Boeing went to a different transmission layout in the
HLH helicopter (Fig 2.54); i.e., without the shaft extension of the aft rotor (Fig 2.55).

However, this scheme is suitable only for the crane helicopter. in the transport version
of the helicopter with the required cargo-cabin dimensions, the engines and the combining gear-
box located at the cargo cabin ceiling level would interfere with loading the helicopter. Thus,
resolution of the problem of balancing the tandem helicopter with a lifting capability greater
than that of the Chinook involves serious difficulties of a configurational nature.

2.3.6 Constraints Influencing Tandem-Helicopter Transmission Selection

It has been quite clear for a long time that when using shaft turbines, we can not use the
tandem-engine arrangement scheme, as was proposed in the original design of the V-12 heli-
copter shown in Fig 2.56. In this case, the exhaust gases from the forward engines can easily

104



Figure 2.56 Scheme of the HLH Transmission
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enter the engine intakes located near the aft rotor
and cause engine surging, with all the associated
unpleasant consequences.

In the tandem-rotor helicopter, all the engines AT o f ;_'f.\_
should be located together and preferably, close to ; " ‘, ' ‘%“1\\\
the middle of the helicopter. {&Y ey ; T\m

: mef L

The transmission scheme with a single syn-
chronizing shaft can be used up to a power of 8000 1
hp per main rotor, which seems to be the limit for
a transmission by a single-bevel gear pair (see Sub- ' ¥ =z
section 2.3.4). At higher powers, input to the main : -
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in the HLH proposal (see Fig 2.55), Boeing
intends to transmit 10 600 hp through a single bevel
gearset. It seems to us that this may lead to serious
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2.57 with two synchronizing shafts is proposed \ THTTETIEL
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2.3.7 Constraints to Rotational Speed of PR3
Transmission Shaft : ) =
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Increase of transmission shaft rotational
speed runs into constraints represented by the
maximum permissible circumferential velocity of the &
inner race of bearings using grease lubrication. !

Usually, it is considered that for such bear- I e
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which is approximately equivalent to the well-known
condition _
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Ngy X dipn <300000

where dj,, = bearing inner race diameter in mm;
and n,, = shaft rotational speed in rpm.
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Practical experience shows that exceeding these limitations actually leads to serious
difficulties and to reduced bearing operational reliability.

Therefore, with an increase of the circumferential speed Uj,, above 16 m/s, it is ad-
visable to change over to liquid bearing lubrication. However, the development of liquid lubri-
cation systems for 10 to 12 support bearings increases operational difficulties of such shafts
{monitoring oil level, replenishing and changing the oil), and also reduces bearing reliability.
In addition, because of the necessity for providing bearing housings (sumps) and possibly,
boost pumps, the use of a liquid lubrication system increases the transmission shaft weight
which makes questionabie the practice of saving weight by increasing shaft speed.

Therefore, in the tail transmissions of both Soviet and foreign single-rotor helicopters,
the shaft speed is usually no higher than ng, = 3000 rpm, and grease-lubricated bearings are
used. ,
The rotational speed of the synchronizing shaft on twin-rotor helicopters with rotor
overlap is selected on the basis of entirely different considerations. On these helicopters, in-
crease of the rotational speed of synchronizing shafts is necessary in order to increase their
torsional stiffness (referred to the main rotor shaft) in order to avoid blade strike.

Therefore, the increased rpm of synchronizing shafts used by Boeing are not so much the
result of technical progress, as a forced measure, resulting from the necessity of avoiding rotor-
blade serike.

2.3.8 Constraints Based on Blade Static Deflection

With an increase in biade radius, aspect ratio, and weight, blade static deflection due to
gravity increases.

If no special measures are taken to improve the helicopter configuration, the blade tip
deflection becomes severely limited because of the possibility of the blade striking the heli-
copter structure. It is obvious that the exact value of the allowable blade tip deflection depends
on the specific configuration of the considered helicopter. However, the relative blade tip de-
flection does not vary markedly from helicopter to helicopter in each helicopter weight class.
Most often, the relative deflection is lower for small helicopters and higher for large helicopters.
Therefore, the problem of limiting blade tip deflection is particularly serious for large heli-
copters.

Normally, for configurational reasons, the relative blade tip deflection in such helic-
copters should not exceed the value

Falyy = Wa),, /R =0.12 (2.117)

where (yg),,, = absolute allowable tip droop.

If we assume that the blade section moment of inertia is proportional to the fourth
power of the blade chord, then the blade tip droop can be found from the following expres-
sion:

yr = kyg Gy R¥Ib* (2.118)

where the coefficient of proportionality &, P characterizing the efficiency of blade design with
respect to the achieved reduction of blade droop, depends on the blade construction, including
both the spar material and the distribution of the moment of inertia and running weight along
the blade length. The values of this coefficient for several production blades are shown in Fig
2.58. This same figure shows the achieved values of (ky R)min for two blade construction types.
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Figure 2.58 Values of the ky g coefficient characterizing the magnitude of tip defiection
under the blade’s own weight. 1 — (kyg),. for blades with steel spars
2 — (ky g) i, for blades with extruded Duralumin spars

If we assume that the blade weight can be determined from the following formula for
A< ), (see Eq (2.6)):

Gy = G 8" R (2.119)

then, substiutting this value of the blade weight into Eq (2.118), we obtain the expression for
the relative blade tip deflection

T = p* 23
Yr =Ky Rb (2.120)
where, with account for Eq (2.14),
K'Y g = Ryp @y = 241 K%k, p . (2.121)
If we assume that

we can obtain the maximum allowable blade radius Ry from Eq (2.120). Substituting the biade
chord from Eq (2.165) into Eq (2.120), we obtain the value of Ry for a given helicopter gross
weight G,,, and thrust coefficient, tyo:

R, = 0.0585[(yg),, lky g k%51 *° (G, [Tz 1 42% . (2.123)

The dependence of Ry on the parameters appearing in this formula is shown in Fig
2.59, and the values of the allowable blade aspect ratios A, equal to )\y = (,\7,;,/k"m)°"35 X
(I/R°°'3°‘) are shown in Fig 3.14. When designing helicopters of all configurations, this con-
straint must be considered and the main rotor radius must not be greater than Ry. This condi-
tion usually becomes the governing factor in selecting the main rotor radius for heavy-lift
helicopters, while for light helicopters it is satisfied without any particular effort.
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2.4 Determination of Data Required for Calculating Structural
\Wweight, and Selection of Helicopter Parameters

When determining the structural weight and payload, it is convenient to make these
calculations with variation of the various helicopter parameters while keeping the gross weight
constant. Upon completion of the calculations made for different gross weights we can select
the one which satisfies the specified helicopter performance.

The most important variable parameters are the main rotor ‘diameter and number of
blades. The calculations which follow will be devoted to this problem. It would appear that no
less important is the determination of the optimal rotor tip speed U, and thrust coefficient
ty,: However, experience in helicopter design and testing shows that although increasing the
rotor tip speed above U, = 220 m/s yields a gain in structural weight, it also leads to power
losses in level flight and increases the required fuel supply which, in the final analysis, is un-
favorable because of the reduction in transportable payload. In addition, this leads to a signifi-
cant increase in the external noise of the helicopter. Consequently, the optimal value of U,
coinciding with its maximum acceptable value, is already known from helicopter test exper-
ience and can not be substantially improved by further calculations.

Nor is it possible to increase the main rotor thrust coefficient. Its value for blades with
the best available airfoil sections is limited by the service ceiling and maximum flight speed as
shown in Fig 2.46. Increase of t), o above the values determined by the stall constraints can not
be justified.

Therefore, the optimal value of ), o coincides with the limiting allowable value of this
parameter required to ensure the specified flight performance.

We shall examine in more detail the entire sequence of operations required for deter-
mining the values which are necessary for helicopter weight calculation and parameter selec-
tion.

Since this requires knowledge of many quantities which are computed in the aerody-
namic analysis, we shall examine those aspects for single-rotor, tandem, and side-by-side heli-
copter configurations.
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2.4.1 Selection of Wing Area for Side-by-Side Helicopters

In determining helicopter lift in hover, it is important to know the losses associated with
main-rotor downwash flow over the helicopter airframe. In comparison with other configura-
tions, the side-by-side helicopter experiences the largest losses from fiow over the wing. There-
fore, when designing the side-by-side rotor helicopter, it is necessary to reduce the wing area as
much as possible. In the scheme with a cantilevered wing, this is limited by the stiffness require-
ments which were mentioned in Sect 2.2

If we use a wing with a trailing-edge flap which can be deflected in hover, and reduce the
wing area exposed to the downwash by about 20 percent, then the optimal wing with respect to
the overall helicopter lift loss of (AT + ng) in hover will be the wing with relative area
(Swglgp, determined from Eq (2.81) where the value of c,,, for the wing with trailing-edge
flaps deflected 90° can be taken as

Cwg = 0.70..0.75. (2.124)

When performing the computation using Eq (2.81), the nacelle reiative weight must be
assumed in the first approximation, and then refined after determining the outrigger weight
from Eq (2.76).

For a V-12-type helicopter of the side-by-side rotor configuration with truss-type out-
riggers (see Fig 2.38), the area of the inverse taper of the wing can be defined as

Swg = g, (2.125)

where £ = length of the truss-type outrigger; and by g.e ™ distance between the struts at the
wing tip (see Eq (2.90)). _

The basis for selection of the a coefficient can be provided by the V-12 helicopter where
a=1.7.

2.4.2 Determination of Thrust Loss Due to Downwash Over the Airframe in Hover

In calculating the thrust loss due to downwash flow over the helicopter airframe, we
normally use the formulas derived from the ideal rotor theory, but with coefficients which
have been refined through experiments on models and in flight tests of existing helicopters.

When using this approach, the downwash losses can be determined as follows:

a} for the single-rotor helicopter without wing
kgw = 1 — AT,(Ro/R)? . (2.126)

where A—T—o = thrust loss due to downwash flow over the fuselage for a lifting-rotor with radius
Ro. The value of AT, is best determined from model tests. It usually amounts fo 0.015 to
0.020 and sometimes even reaches a value of 0.03;

b) for the tandem-rotor helicopter without a wing,

kaw= 1 — 034551 + (PILy(2f— 1] (2.127)

where
*

S¢ = Sy*/2nR?, (2.128
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S¢"‘ = fuselage plan-view area exposed to downwash flow from the main rotor; P and 7:¢
respectively, are rotor overlap and helicopter fuselage length referred to the main rotor
radius; 2f = ratio of the average area loading in the overlap zone to the average disc loading
of isolated rotors. The approximate values of this parameter will be indicated in Subsection
24.7;

¢) for the side-by-side rotor helicopter,
kaw = 1 — AT, — AT, (2.129)
The thrust loss due to downwash flow over the wing can be determined as

AT, = €., S . (2.130)

wg wyg “wg

where Sw, S g/21rR’ _

The value of the coefficient ¢, wg Can be taken equal to 0.9 for the rectangular wing,
and 0.7 for the V-12 helicopter wing with inverse taper.

If we only examine rotors with overlap P< b¢ where b¢ = b¢/R then the thrust loss
due to downwash flow over the fuselage for side-by-side rotor helicopters can be found from

the formula
ATy =0.34(2f5,, + 5,,,) (2.131)

where Eov = Sov/2'”R2; §;1w = Saw/2nR?,
while S y and Saw respectively, are the rotor overalpped area and the helicopter fuselage area

outside the overlap region that is exposed to the downwash.
The fuselage and wing drag coefficients in these formulae were taken from Ref 4.

2.4.3 Rotor Solidity Determination
The required rotor solidity is calculated from the formula
Garl0 2ot OFm Ut (2.132)

where the value of U, is determined on the basis of existing experience with account for the
arguments stated at the beginning of this section, and tyo is taken in accordance with Sub-
section 2.2.2.

For known solidity o and given R and z,,, we can determine the blade chord.

2.4.4 Main-Rotor Thrust Increase Ejector Effect of the Engine Exhaust Flow

The stream of gas exhausted from engines centrally located under the main rotors and
directed downward has an ejector effect on the air flow in the main-rotor hub region, and may
increase the main-rotor thrust. This effect is most probable in the side-by-side helicopter with
engines located beneath the main rotors, and where exhaust gases are directed downward for
configurational reasons. '

It is very difficult to obtain an exact experimental value of the thrust augmentation
from this effect. However, when comparing helicopters of different configurations, it is advis-
able to take this effect into account for the side-by-side rotor helicopter with the engine ex-
haust directed downward.

.
]
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According to our estimates, the main-rotor thrust may increase by 2 to 4 percent be-
cause of this effect. Therefore, in comparative calculations, it is suggested that this thrust aug-
mentation be taken into consideration by introducing the special coefficient R ¢.

2.4.5 Accounting for Engine-Lift Force

For helicopters in which the engine exhaust is directed downward at some angle a to the
vertical, we introduce a coefficient accounting for the engine lift force

Kang = 1 = Teng/Ggr = 1 = T‘,,ng((v,,/G,,), (2.133)

where TMF = engine lift force; and ing = engine lift force referred to e_ngine power.
The engine lift force can be found from the foilowing formula:

= (VoxnlaNYN, /G, ) cos a (2.134)

where Voyp = exhaust velocity of gas discharged from the engine nozzle (V,,, = 150 m/s);
N = engine power obtained with air flow rate equal to 1 kg/s {for modern engines, one can take
N = 260 hp/kg/s). Ny = power required at hovering ceiling; a = angle between the exhaust
direction of the engine and the vertical (for the V-12 helicopter, a = 45°).

For the cited parameters, the engine lift force referred to engine power is ’7_',,,g =0.0415,
and the coefficient &, can be equal to about 0.98.

Tang

2.4.6 Determination of Main Rotor Efficiency (F.M. — Figure-of-Merit)

On the basis of the aerodynamic calculations for the selected U,, blade planform, geo-
metric twist, and selected airfoil sections, we determine the isolated rotor efficiency n at the
helicopter hover ceiling for

ty = ty,Renglkawky B.

On the basis of such calculations for rotors having solidity 0, = 0.727 and rectangular
planform blades with about 6° twist and with the Soviet helicopter airfoil sections, U, =
220 m/s; and the thrust coefficients normally used in the range of 7, =0.75 to 0.22, the follow-
ing approximate formula for determining the Figure-of-Merit as a function of the thrust coeffi-
cient f,, can be proposed:

na = no" - 0.3(ty—0.785)

where the achievable value of no' at t, = 0.7185 can be within the range of 0.69 to 0.72, de-
pending on fabrication quality and aerodynamic characteristics of the selected airfoil sections.

From the same calculations, we can determine the dependence of 7 on rotor solidity.
However, with an adequate degree of accuracy, we can take

n =1/ + (1-1n)Vo,la/n,] (2.135)

where the value of 7, is determined for the solidity ¢,, and / = coefficient of the actual in-
duced power in comparison with the ideal induced power. For rectangular blades having a twist
of 6° to 9°, we can consider that /= 7.06 to 7.70. With an increase in the twist, the value of /
decreases, while with a reduction of the twist, it increases.
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The F.M. curve (1) vs rotor solidity (o), as calculated from Eq (2.135) at t,=0185,is
shown in comparison with mode! test results in Fig 2.60.
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2.4.7 Rotor Overlap Losses in Hover

For the twin-rotor helicopters with rotor overlap, the losses due to overlap can be found
from the formula

by = 11 + nm (V2632 = 1)) (2.136)

where
m=S,,/nR3.

(for the limiting overlap values of P = 0.63, 0.4, and 0.77 indicated in Sect 2.3, the values 6f m
are 0.202, 0.105, and 0.03 respectively); f = ratio of average isolated rotor disc loading over the
overlap area, to the average disc loading over the entire isolated main-rotor area.

The magnitude of the parameter f depends on the character of the load distribution and
the induced velocities along the blade radius.

For uniform disc loading and induced velocity distribution, f= 1.

For distribution of the induced velocities along the main-rotor radius following the law
thatv; = oz\/F, the parameter f can be found from the approximate formula

f= 3n(l - 0375P).
If we take a linear combination of these two laws for which

f=11-01125P, (2.137)

then the value of £, obtained from Eq (2.136) will agree well with the experimental data.
The values of k,, = (£,,)%'? calculated from Eq (2.136), taking into account Eq
(2.137) and the corresponding experimental values obtained on models, are shown in Fig 2.61.
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Figure 2.61 Dependence of the thrust loss coefficient koy on overlap values P computed from
Eq (2.136), and corresponding values of that coefficient obtained from various model tests

2.4.8 Determination of Torque and Power Transmitted to Main Rotors in Hover

For known coefficients 1, £,,. Rgw, k,ng, and kp, the average torque on one lifting
rotor required for helicopter hovering at the static ceiling 4, can be found from the formula

Ma),, = 1.13(Gy kang | 2o ckawk )" lt,,nUVA. (2.138)

The torque (Mq),, . of the main rotor for the single-rotor helicopter can be determined
from this formula by taking z,,, = 7.
The horsepower required by all rotors will be

ENm.r = Zr0tiMq), U /75R. (2.139)
Substituting Eq (2.138) into Eq (2.138), we obtain
ENp.r = (Ggrkong/kawkr)'*166.5V 2,4, oy nRVA. (2.140)
2.4.9 Torque and Power Required by the Tail Rotor

For the single-rotor helicopter, the above-listed operations must also be performed for
the tail rotor.

In the final stage of the calculation, the optimal tail-rotor diameter must be selected
{see Subsection 2.5.6). However, considering that the tail-rotor weight cannot markedly influ-
ence the overall helicopter structural weight, the tail-rotor disc loading P, , can be specified
a priori and its parameters {not necessarily optimal) determined.

The tail rotor radius can be found from the equation

R + Ry + SR} — [Mg)  [nP ] =0 (2.141)

t.r

where 8 = clearance between the main and tail rotors. Usually, this clearance is taken as & =
0.25 m in order to provide some margin in case the main and tail-rotor diameters vary.
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The tail rotor solidity is selected with consideration for the possibility of performing
required helicopter maneuvers; especially, hovering turns near the ground.

Experience indicates that in order to satisfy these requirements, the tail-rotor thrust
coefficient in hovering out-of-ground effect at normal gross weight and aititude H = 0 should
be no higher than (¢, ,), = 0.16 for helicopters having engines that were not designed for
operating at high altitudes. When the critical altitude for the engine is 1500 to 2000 m, the
value of this coefficient should not exceed (¢, ,), = 0.74.

The tail-rotor F.M. at the hovering ceiling for the selected blade shape and defined
solidity o, is determined either on the basis of aerodynamic calculations or from tests on a
prototype rotor. With a change in solidity, the F.M. can be calculated from Eq (2.135), just as
for the main rotor.

The tail-rotor thrust losses due to flow over the helicopter fin-can be determined as

Rawg, = 1 = Cfingfin (2.142)
where
Stin = StinlTRes (2.143)

Here, S;;, = fin surface area blocking the tail rotor. The value of the coefficient cy;, for the
usual relative location of the pusher tail rotor and fin section can be taken equal to 0.32.
With variation of the tail-rotor diameter, the area blocked by the fin can be defined as

Stin = Sting t bfin ARe.r- (2.144)

Here, Sfin, = initial tail rotor area blocked by the fin; b, = fin chord in the tail-rotor blade-
tip region; AR, , = variation of the tail-rotor radius AR¢, = Ry, —. (Re.r)p . where (Re /)y is
the initial tail-rotor radius.

The tail-rotor torque and power required can be found from the formulae

Mq),, = 1.131Ma), Ly kawy 1> ke ol \Up), NB (2.145)
and
Nep = WMq), (Up), I75R, . (2.146)
where
Ley=Rpyp t R, +8 (2.147)

and the coefficient k, , takes into account the tail-rotor power-required increase because of the
influence of the main rotor. It is very difficult to obtain the exact values of this coefficient;
therefore, in some calculations, it is taken conservatively as &, , = 1.1.

2.4.10 Engine Power and Power Utilization Coefficient
The engine power required at the input to the single-rotor helicopter main gearbox or

the power transmitted by the twin-rotor helicopter transmission in hovering at H = H, can be
defined as

Ny = (2pge Nl bm.) + Weolées) + Noee +zpmp(Nprop)h (2.148)
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where &, . and &, , are the coefficients of power loss in the main and tail rotor drives (it is
usually considered that the losses are equal to 1 percent of the power in each reduction stage);
Ngyce = power required to drive all the other accessories, (Np,op) = power expended in the
hover regime to drive the propeller—if there is one on the helicopter; z,,, and Z Zprop = the
number of lifting rotors and propellers.

Hence, the coefficient & = Ny, /Ngpg inge ©f POWer utilization by the helicopter main

rotors can be obtained as

= 11U/ En.) + Werles) + Noge + Wprop)y] (2.149)

where Ny =Ny /Ny, ¢ .—cc Nace/Nem.ri (NPIOIJ) Z5r0pWNprop)), /Nm

For single-rotor helicopters, usually, &, , = 0.96; &, , = 0.94; and N c = 0.01 10 0.015
for medium helicopters; while for light helicopters, N, .. = 0.075 to 0.025.

The power going to the tail rotor in cruise flight depends on the degree of unloading of
the rotor by the fin. For modern fin shapes, it may be assumed that (V. )., = 0.3(N; /).

The power transmitted in level flight to the propeller is usually determined separately,
and the power utilization coefficient &, in this case, is determined from the same Eq (2.148) in
which Np,op 0 is taken.

For the tandem and side-bv-side helicopters with a number of speed reduction stages
(Ngedren = 5 (on the average), and (n5e);, , = 4: we take Ne, =0, (Em.r)tgn = 0.95, and
(Em.r)s.p.s = 0.96 for both hover and cruise.

For known values of £, one can determine the helicopter engine power required at the
hovering ceiling

N, = (EN, )k - (2.150)

2.4.11 Determination of Maximum Rated Engine Power Required for All
Specified Helicopter Flight Regimes

For determination of powerplant weight, it is important to determine the maximum
rated power required to meet all the specified helicopter flight characteristics.

As was previously mentioned, it is convenient to evaluate the powerplant weight by re-
ferring it to the rated power at /= 500 m, and not at H = 0 as is usually done.

It is well known that the maximum rated power can be determined by three specific
helicopter operating regimes. These are: hovering at the static ceiling //,, at a given temperature,
flight at the service ceiling H,, at which Vy = 0.5 m/s, and at the maximum speed of flight.

tn addition, the one-engine-out condition where the other engines operate at contin-
gency power may be the governing factor in selecting the installed rated engine power. Included
here are both level flight with one engine inoperative, and continued takeoff. The flight altitude
up to which the definite helicopter flight performance should be met after failure of one engine
may also be specified as a design requirement. But since such a requirement is seldom used in
practice, it will not be considered here.

For the modern general-purpose helicopters, the quantities listed above are usually speci-
fied as follows: hover ceiling H,, = 7000 to 1500 m (in certain cases, at ambient temperature
t =t,,q4 * 10°); service ceiling / = 4500 to 5000 m; and maximum speed V,,,, = 250 to 300
km/h at the altitude H = 500 m and, in special cases, even higher.
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It is important to specify the flight duration

Neng- 7P at the service ceiling. If the required duration is an
,8000 Nl hour or more, as is usually the case, flight at the
Q\"’f service ceiling should be conducted at maximum
* continuous {normal rated), rather than at takeoff,
N ref power.
7000 N All Soviet single-rotor helicopters perform
& flight at the prescribed service ceiling using only
ﬂf\ A8 normal rated power. . . '
\)\J \ ’—V-n or = 0.917 Depending on the helicopter configuration
6000 ‘N're — “ and parameters as well as the specified take-
. \ off performance, the rated installed engine power
("4;\ is defined by different flight regimes.
to \ For the single-rotor helicopter the rated
L AN \ installed engine power is most often determined
5000 / N by the requirement for flight at the service ceiling
“Npor \ at normal rating, although in the case of more
N severe requirements for time spent in hover, this
B . regime may become the determining factor for the
4000 2 \ magnitude of power installed.
\ Figure 2.62 shows the altitude character-
_ istic of the powerplant for the Mi-6 helicopter.
d Even if the helicopter were required to hover
3000 out-of-ground effect at H = 0 (usually the Mi-6

0 1 2 3 4 & Hkm helicopter takes off with use of the ground effect),
the referred rated installed engine power would

Figure 2.62 Power variation with ititude still be determined by flight at the service ceiling

of the Mi-6 helicopter engines and values (N'}o¢ = 2 X 7000 hp). Only with the require-

of referred reted power. (1) power required ment for hovering out-of-ground effect at H, =

’;; "‘;"5"5"" (2) power required for flight st 1500 m would the referred rated installed engine
- m,

power be determined by the hover regime.

With an increase of the disc loading to p = 60 kg/m? for the single-rotor helicopter with-
out a wing, the referred rated installed engine power will be determined by flight at the service
ceiling and the required hover ceiling of H), = 1500m (Fig 2.63).

We see from this figure that for the same values of hover and service ceilings, the critical
altitude of the tandem-rotor helicopter engines must be significantly higher than for the single-
rotor helicopter. In the examined case, the critical altitudes are H, , = 2000 m and Hpgp =
4300 m; i.e., the engine critical altitude for the tandem-rotor helicopter must be nearly the
same as the required service ceiling.

if the thrust losses due to flow around the airframe in the hover regime amount to more
than 7 to 10 percent as may be the case for the side-by-side helicopter with the rotors mounted
on the wing, the referred rated installed engine power will most likely be determined by the
hover regime. In the case of a specified maximum speed of more than 280 km/nr for the truss-
type side-by-side rotor helicopter, and more than 320 to 340 km/hr for helicopters of other
configurations, the high-speed regime may become a determining factor for selection of the
referred rated installed engine power.
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Figure 2.63 Required altitude cheracteristics of powerplant installation for single-rotor helicopters
(p = 60 kg/m?) and tandems (p = 42.5 kg/m?} shown as power per kg of gross weight

In weight calculations, we must consider a powerplant that provides the necessary power
required in all specified helicopter flight regimes. To this end, the power required at hover and
service ceilings should be referred to the height H =500 m; i.e.,

Niot = ApNp; Nige = A; N //Vnor (2.1561)

where N}, = engine power at the hover ceiling as determined from Eq (2.150); Ny = power re-
quired for flight at the optimal speed with the rate of climb at V,, = 0.5m/s, and at the speci-
fied service ceiling Hy; N,,,, = ratio of engine normal-rated (maximum continuous) power to
takeoff power. For altitudes higher than 3000 to 4000 m, this ratio is usually 0.89 to 0.92;
A, and A, respectively, are coefficients obtained from the engine altitude characteristics.
For H, = 1500m and H, = 4500 m, these coefficients can be taken as follows: A, = 1.7,
and A; =~ J.5. One also determines the power required for flight at maximum speed at the
altitude A = 500 m. In selecting the engine and calculating the powerplant weight, we take the
highest referred rated power required for these three regimes. |f the installed engine power
required for flight at maximum speed is higher than N, and N, then it is advisable to ana-
lyze whether or not incrasing the installed engine power in order to obtain the required speed
is justified. It may be better to reduce this speed and obtain a less expensive aircraft.

2.4.12 Dimensions of Transport Helicopfer Cargo Compartment

In addition to the transportable cargo weight, each transport helicopter weight category
is defined by the dimensions of the cargo compartment. The fuselage dimensions and weight
depend on the cargo compartment size. Therefore, when making the weight analysis, we must
determine the standard dimensions of the cargo compartment.
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Figure 2.64 shows transverse and longitudinal sections of cargo cabins of various types
of helicopters. In Fig 2.64, we identify the standard cargo-cabin sizes by capital letters with
corresponding subscripts.
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Figure 2.64 Typical dimensions of helicopter cargo compartments

2.4.13 Helicopter Preliminary Layout

Before making the weight analysis, we must make a very preliminary general layout of
the helicopter, taking into account the required dimensions of the cargo compartment in order
to determine from this layout the basic design data for the helicopter and its fuselage, as well
as the powerplant and transmission configuration. One example is the three-view shown in Fig
2.57. It is necessary to determine from this layout the fuselage outer surface (wetted area)
(S¢)°; the plan projected area S¢ of the main fuselage section in order to determine the
download losses due to rotor downwash; the length L, of the shafts; the dimensions £ and
H in the truss outriggers of the side-by-side rotor; the moment of inertia /,,. of the side-by-
side rotor helicopter nacelles; and so on.

When changing the rotor diameters, in certain cases it is not always necessary to redo
the layout. It is possible to scale the basic dimensions using approximate formulae which,
for tandem and single-rotor helicopters, can be as follows:

Sp = (Sgly + ALSy, (2.152)
Sg = (8% + ALby. (2.153)
and
Lyp = (Lgp), + AL (2.154)

where A L = change in the distance between the rotor axes; S = fuselage perimeter for the
tandem-rotor helicopter and some equivalent perimeter of the tail boom for the single-rotor
helicopter.

When the main-rotor diameter is reduced, it is necessary to examine whether the cargo
compartment would still have the required length.

For the side-by-side rotor helicopter, we can consider that the fuselage dimensions re-
main unchanged as the rotor diameter is changed, while the length of the synchronizing shaft
must be determined from Eq (2.154).
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2.4.14 Parasite Drag of Nonlifting Helicopter Components

It is necessary to make an element-by-element calculation of the parasite drag of all the
nonlifting components of the helicopter and determine its equivalent flat-plate area.

When changing the main-rotor diameter of the single-rotor and tandem helicopters, we
must take into account the change of the parasite drag of the rotor hubs whose drag-reference
area is usually proportional to the blade centrifugal force. For side-by-side rotor helicopters,
we must also consider the change of drag of the rotor support outriggers.

If we assume that all the geometric dimensions of the components of the side-by-side
trussed configuration vary similarly, the equivalent fiat-plate area can be found from the follow-
ing formula

€ S = lcxS)y + 0.023G,,,5/% (2.155)

where the numerical coefficient is taken on the basis of wind-tunnel tests of a model of the
V-12 helicopter. .

This coefficient can be significantly reduced by installing fairings on the truss members,
but studies have shown that the fairings increase the truss weight by 15 to 20 percent. There-
fore, it was decided not to install such fairings.

2.4.15 Variation of Main-Rotor Rotational Speed Depending on Flight Regime

In order to increase the helicopter flight range at cruise speed, it is advisable to some-
what reduce the rotor rotational speed. By contrast, at maximum speed and with an increase
in the flight altitude, it is better to somewhat increase the rpm in order to delay blade stall.
However, existing helicopter engines do not usually permit variation of the rotational speed
by more than 10 to 12 percent; i.e., My, 40 /Nmin = 1.1 10 1.2.

Therefore, in our calculations wR = 220 m/s was used in hover and maximum speed
flight; wR = 210 m/s in cruise at H =500m; and wR = 230m/s in flight at the service ceiling.

2.4.16 Determination of Power Required in Forward Flight

The determination of helicopter power
required is usually made in the following se-

Xeo quence: We first determine all the rotor char-
_ p aracteristics, including rotor power for the

1.2 BB v RV given thrust 7, . and propulsive force T,
K2 A - ' - equal to the difference between the parasite
ol drag of the helicopter with given value of ¢S

10 \L\\HELICOPTER TESTS : and the thrust of the propulsor if the latter is
‘\\ installed on the helicopter, but without

0.8 ° = ] account for the power expended on the
Sq—18 o)~ mutual lifting-rotor interference and wing

06 /7‘ e drag. Therefore, when analyzing the tandem
V4 helicopter without wing and auxiliary propul-

04 MODEL_TESTS _ — sion, we add the following increment to the
AT er=0.01 ('V 0.15) obtained power of the two main rotors

0.2 - ANpr = Xeo Gyl /300pmR* V  (2.156)
where Gg, = helicopter flight weight, and x,,

0 01 02 03 04 05 = coefficient of main-rotor interference.
The values of the interference coeffi-
Figure 2.65 Dependence of the rotor interference cients depend on the relative elevation of the

coefficient Xgo from relative elevation, V, of the aft rotor above the forward rotor ¥ = y/R.
rear rotor over the front rotor in tandems These coefficients are shown in Fig 2.65.
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For flight at the optimal speed, including flight at the service ceiling where the power
expended on mutual rotor interference plays a particularly significant role, the elevation of
the aft rotor above the forward rotor (for the usual average rator tilt of about 6°) is practically
zero. Therefore, in these regimes, we should take x,, =~ 7.7 (see Fig 2.65).

When analyzing the side-by-side rotor helicopter with a wing, we add the following incre-
ment to the computed main-rotor power:

BNy, = (Yo VI75K yg) + [2Xm ., Yig(Ggr = Yiugh 750R* V] +
[Xeo(Gyr — Ywg)? /3007 R? V] (2.157)

where Y, . = wing lift and K wg its L/D ratio; X, , = coefficient of main rotors inductive in-
fluence on the wing which, according to Ref 11, can be taken equal to X, , = 0.12. The value

of X, can be taken as X o = 0.35. ,
The wing L/D ratio with account for the inductive influence of the main rotors can be

determined from the expression _
(1/Kpg) = (1/Kpg) + (XygCr/4u®) (2.158)

where ng = L/D ratio of the isolated wing. For the inversely tapered wing, as in the V-12 heli-
copter, Kw.] = 10y Xwg = the coefficient of inductive influence of the main rotors on the wing
which, for the side-by-side rotor helicopter in accordance with Ref 11, can be taken as Xwg =
0.8.

The total engine power required for flight can be defined as

Negy = Wy r/Em.r) + Worop/Eprop): Where Noron = TpropVifprp-  (2159)

The calculation of the power required for flight should be made for 1he service ceiling,
as well as with maximum and cruise speed conditions at different flight weights with account
for fuel consumption in order to determine the helicopter flight range.

2.4.17 Difference Between the Power Transmitted by the Forward and Aft
Gearboxes of Tandem Helicopters

It is well known that because of mutual rotor interference, the power transmitted by the
forward and aft gearboxes of tandem helicopters is the same only in certain flight regimes.
: - Power equalization during long-duration

"‘,’;'.";'_3::::/‘ — T flights is accomplished by selecting the
100001 XT=0 (M) CONSTRAINT built-in tilt <.)f the rotor axes or by suit-
mmJ ’,,M,O,’mgx'”s Moy, /, able deflection of the. swashplates. In
T 1 1 7 : many other flight regimes, the power

\ Naft-( : . transmitted by the gearboxes is signifi-

8000 Noy”] Ap=24° Ag=3.6° cantly different. For this reason, Boeing
lw_L‘?} // designs the main gearboxes for a power

) = exceeding by 20 percent the average

6000 9 6° power transmitted by the transmission.
v =1 Figure 2.66 shows, as an example,

min j Ner.r Vimax| - the power required by the forward and

4°0°< ; aft rotors for a tandem-rotor helicopter
E ’1 00 200 300 at various flight speeds at the aititude H

v, kmmr = 3000 m. Also shown are the rotor

Figure 2.66 Power consumed by the front and aft rotors dihedral angles required to equalize this

of & tandem helicapter in horizontal flight at altitude power.
H = 3000 m and rotor dihedral Ay required for
equalization of those powers
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it is obvious that achieving such dihedral angles for main-rotor tip-path planes by tilting
the swashplate is not practical. At the same time, it appears to us that 20-percent main-rotor
loading nonuniformity is excessive. Therefore, in our calculations, we have taken this nonuni-
formity as equal to 15 percent.

2.4.18 Fuel Weight

In calculating the fuel weight for flight over the required distance, it is assumed that the
whole flight is performed at altitude H = 500m at the same speed V., and the same main-rotor
rotational speed, corresponding to the selected value of wR.

In approximate calculations, the fuel weight can be determined using the power required
corresponding to the average flight weight.

Gy = Grp — %Gy, . {2.160)

The power required calculation should be made for several flight speeds. We take the
cruise speed as that corresponding to minimal fuel consumption per kilometer; however, this
speed can not exceed that determined by main rotor strength. Usually, for a helicopter without
a wing, increasing the cruise speed above V = 270 km/hr is limited by main-rotor strength.

If the necessary engine characteristics are not available, the horizontal flight specific
fuel consumption can be determined as a function of the power used from the following
formula

(ce)p ¢ = llca),, ~ 0.76(1 =N, /N, ¢ (2.161)

where /\7,,_, = Ny ¢/(Nraf ) max » and (cgle , = sfc of the engine operating at takeoff power.
N,,_¢ = power required by the helicopter in horizontal flight at the cruise speed.
For modern engines, we can take

cedeo = kc,/(Nraf)o' lmm

where ke, = 470 to 520gr/(hp®*hr).

It should be noted that sfc is usually higher for low-power engines, and lower for high-
power engines.

The fuel weight is found from the formula

Gfu = kfu (C,)h.ho.fL/V (2.162)

where L = assumed helicopter flight distance. Here, the coefficient kg, accounts for the 5 per-
cent navigational reserve, the fuel consumption in transition regimes, and also includes a margin
for possible calculation inaccuracies. It is usually assumed that ks, = 7.79.

2.4.19 Allowance for Structural Weight Growth

Experience in helicopter development shows that the structural weight will inevitably
increase from the preliminary design stage to the series production stage. This is an absolute
law of engineering development, associated with the continuous appearance of new require-
ments, new concepts, and new circumstances in the course of more profound analysis, study,
and testing of the hardware. Therefore, a margin for structural weight growth must be intro-
duced into helicopter weight estimates in the preliminary design stage. We propose that this
margin be about 10 percent of the overall helicopter structural weight, calculated using the
previously presented formulae.
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in order to account for possible blade-weight growth, the hub should be designed for
centrifugal force from blades whose weight is increased by 10 percent.

2.5 Comparison of Different Helicopter Configurations
Selection of Optimal Main-Rotor Diameter and Number of Blades

To illustrate the previously examined technique for selecting the optimal helicopter
parameters on the basis of maximum payload, we shall present the results of calculations of
the cargo weight transported by single-rotor and tandem heticopters with takeoff weights from
12 to 24 tons; and single-rotor, tandem, and side-by-side trussed helicopter configurations with
takeoff weights from 40 to 44 tons, and then up to 60 or more tons.

We shall perform the helicopter weight estimates under the assumption that for helicop-
ters of all sizes and configurations, blades having the same design will be used, and their weights
determined from Eq (2.12).

) Before presenting the calculation results, we shall examine how the blade and hub weight
varies with change of the main-rotor diameter and number of blades for constant helicopter
gross weight.

2.5.1 Overall Blade Weight Dependence on Main-Rotor Diameter and Number
of Blades for Constant Helicopter Gross Weight

Assuming that the selected value of 7, does not change with variation of the main-rotor
diameter, we obtain the relationship between blade chord and main-rotor radius from Eq
(2.132):

b = 2G,/ps Rty, U 2p1y (2.163)
where z,,_ = total number of blades of all the helicopter main rotors.
We introduce the relative parameter,
F=1t,,U’/0.155Us}; Uy, = 220m}s. (2.164)
Then Eq (2.163) becomes
b = (7/469R)(G,,/t'zb,t), (2.165)

Substituting this value into Eq (2.12) we will find that for RA < R),, the blade weight
varies according to the following law:

Gy = &%/ 21z R TIG,, 1279517, (2.166)

i.e., it decreases with an increase of the rotor radius and number of blades.

However, the blade weight reduction indicated by Eq {2.166) continues only until the
weight coefficient k,, reaches its minimum value whiEh we have taken as (Rpj)p,;p = 5.5, Or
when the reduced blade aspect ratio reaches the value R)xo.

If, during the main-rotor radius increase, the following condition is reached,

kyy = (kp)) (2.167)

min
then, with a further increase in the radius, the blade weight will follow a law which can be
obtained by substituting Eq (2.165) into Eq (2.3). In this case,

2Gpy = (Rpi)yp Gor RIT4691; (2.168)

i.e., the blade weight will increase proportionately with an increase in the rotor radius, regard-
less of the number of main-rotor blades.
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An example of this blade weight dependence on the main-rotor radius is shown in Fig
2.67. The blade weight is minimal for some radius R7, which can be found by equating the
right sides of Eqs (2.166) and (2.168)

Ry = 0.263[k"1/Kp1)pin) " * " (Gyr/F2py g )41 (2.169)
or, for blade aspect ratio equal to
)\7 = [k*bI/ (kb[)mf”] 143 )\‘V/RO-429 .

Values of aspect ratios Ay for those cases when Ay < A, are shown in Fig 3.14.
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Figure 2,67 Dependence of blade and hub weights and their collective weight
on the main rotor radius of a single-rotor helicopter of constant gross weight
Ggr = 20 ton, operating at tyy = 0.165

For certain values of coefficients k*,, G,/ ?21,,z and Eko, the blade-weight variation
law given by Eq (2.166) is violated earlier with increase of R because the blade reaches a re-
duced aspect ratio equal to R\, ; i.e., when R\ = I?)\o or, as follows from the explanatory re-
marks regarding Eq (2.6), when R2/166 = R),.
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Substituting herein the value of b from Eq (2.165), we obtain the blade radius R) at
which the blade begins to acquire additional weight resulting from the growth of the blade
aspect ratio. Up to this point, there was no increase in blade weight caused by the increasing

aspect ratio. »
Ry = 0.325 \/3 R Xo G,,/tzb,z . . (2.170)

Figure 2.68 shows the values of R, and R as functions of G,/ Tzpi_at Roflpmin =
5.5 for several values of the coefficient k¥,, and the reduced aspect ratios R\, = 20, and
R\, = 12.4. We see from these curves that for small G, /Tzp/s , the radius R  is smaller.
With an increase of Gg,/sz, beginning with certain values of this parameter, the radius R)

is smaller.

R,m
18
16
14
A
12
2
10 // g:‘ k'
7V 51
8 - o ®
] =
< -1 b
2000 4000 6000 8000 G,,./Ezb, - ko

Figure 2.68 Dependence of optimal radii of main rotors with steel-tube spar and glass-fiber envelope
(BN = 20) and with Duralumin extruded spar (K \ g = 12.4) on parameter Ggr/tzps o 8t various
levels of waight effectiveness defined by coefficient k*py;

Thus, for the blade with steel spar and glass-plastic envelope for which RX, = 20, in-
crease in blade weight resulting from its larger aspect ratio begins earlier than the appearance of
blade increments resulting from the constraint given by the condition &k, = (kp1) min

at Gg,/’t'zb, 2 3100kg if k*bl =15
at Gg/T2p) > 8800kg if k% = 13

and does not occur at all for the values—encountered in practice—of parameter Gg,/'t'zb,: , if
k"'b, < 725. _

For the blade with extruded Duralumin. spar for which RA, = 12.4 at Gg,/'t—zb, 2
2000 kg and k*,, > 12, weight increases resulting from the high aspect ratios always begin
earlier than for the steel-spar types.

The minimum blade weight always occurs at the smaller of the two radii, R-y or R), and
it will be shown in the below calculations that the smaller of these radii, which satisfies the
allowable blade deflections in accordance with Subsection 2.3.8 is, in many cases, the optimal
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main rotor radius for the selected total number of blades for single-rotor, tandem, and side-by-
side configurations. In these cases, Figs 2.569 and 2.68 can be used as graphs for selecting the
optimal main-rotor radius.

Iin the aforementioned cases, the described citcumstance could significantly simplify
optimal helicopter parameter selection since the problem would reduce to simply selecting
the number of blades z,, for which the weight estimates could be made only for several values
of z,, and main rotor radii selected from Figs 2.59 and 2.68. However, because of the fact that
the curves showing the influence of certain helicopter parameters on the magnitude of trans-
ported payload become quite flat near the optimum, it is better, in this case, to select a main-
rotor diameter that is somewhat smaller than its optimal value. While this would lead to a slight
loss in the cargo weight, it would still facilitate the development of smaller-diameter blades.
Therefore, as a rule, in the initial stage of helicopter parameter selection, it is still necessary to
plot the entire curve of transported cargo weight as a function of the main-rotor diameter.

2.5.2 Dependence of the Hub and Entire Main-Rotor Weight on the Rotor Diameter
and Number of Blades for Constant Helicopter Gross Weight

The blade centrifugal force can be determined by the following formula:
Nb/ = (Gb,/g)(Utz/R)fc,, (2.171)

where r‘c.g = the relative radius of the blade c.g., which is usually ’r;_, =049100.5].
If we substitute the expression for the blade weight from Eq (2.166) into Eq (2.171),
we obtain

Npi = K'pi To.g U [0.537Gp, 251 RT] . , (2172)

Then, in accordance with Eq (2.31), the hub weight can be found from the following
formula:

Ghup = K*hupRap /2015 2" WR'p P o ) 22105376, /RE1 27 (2.173)

Consequently, as long as the blade weight decreases with an increase of R, the hub
weight decreases even more strongly; as it varies inversely proportionally to R?-%°. This rela-
tionship will no longer be valid as the main rotor radius becomes equal to R. Beginning with
this value, the blade weight increases in accordance with Eq (2.168), while the blade centrifugal
force no longer varies with an increase in the main-rotor radius. This force is now defined as

= - 772 ry
Nbl = 3‘35(kb’)min fe.g Ut G',/tlb,z. (2.174)
In addition, in accordance with Eq (2.31), the hub weight remains constant, and equal to

Ghut = K'hub Rz 20127 %V [R1) 10 P g U G/ T11 5. (2.175)

min
The hub weight is shown in Fig 2.67 as a function of main-rotor radius. This figure also
shows the total weight of the main rotor, consisting of the blades and hub.
We can see from these curves that as far as the weight dependence on radius is con-
cerned, the transition from weight reduction to weight increase is more marked in the case of
the main rotor as a whole than for the blades alone.
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Figure 2.69 Three-view drawing of the S-65 helicopter
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Three-view drawing of the Chinook helicopter




2.5.3 Comparison of Cargo Weights Transported by Single-Rotor and
Tandem Helicopters of the 12 to 24-Ton Gross-Weight Class

We shall use the technique just described to make comparative calculations of the cargo
weights carried by single-rotor and tandem helicopters with cargo compartment dimensions B8,

(see Fig 2.64). The S-65 (Fig 2.69) and Chinook (Fig 2.70) helicopters have such cabins. For '

the single-rotor helicopter, we shall examine the Mi-8 and Mi-6-type layouts while, for tandems,
we shall examine that of the Chinook.

in order to properiy compare helicopter configurations (not the actual aircraft), it is
necessary to reduce the data of the helicopters being compared to the same weight efficiency
levels, and impose the condition that these helicopters have the same flight performance.

We shall consider that the helicopters of both configurations have the same hover (Hh =
1500 m) and service (Hs = 4500 m) ceilings. The results of the comparison are presented in
Tables 2.8 and 2.9.

The first columns of Tables 2.8 and 2.9 show data for the Chinook helicopter with an
alternative gross weight of G’, = 20 703 kg. The helicopter transmission and powerplant in-
stallation were selected for flight at this gross weight; however, the maximum fuselage and
landing-gear loads required by the airworthiness {or strength) standards cannot be met at this
gross weight, and the helicopter does not have hovering capability, and the service ceiling is
H, =~2000m.

At the normal gross weight q'f G,, = 14970 kg (see Table 2.8 and 2.9), the Chinook heli-
copter has the required service ceiling of 4, =4500m, but a large part of its components such
as the blades, hubs, transmission, and powerplant are oversized. Therefore, for the tandem heli-
copter having a layout of the Chinook type, we take the thrust coefficient as ty, = 0.745 and not
tyo = 0.126 as for the Chinook helicopter with normal gross weight, and specify, for this heli-
copter, the aforementioned hovering and service ceilings.

In addition, for valid comparison of these helicopter configurations, the following
assumptions were made:

1) the blade tip speed wWR = 220 m/s, and all the other aerodynamic parameters of the
main rotors which determine their efficiency are the same for these layouts;

2) for the tandem helicopter, we shall assume the hub scheme with the traditional se-
quence of hinge locations and consequently, with the same weight efficiency level as for the
single-rotor helicopter schemes although, as a result of this, the tandem-rotor hub weight must
be somewhat increased;

' 3) we take the maximum transmission shaft speed as n,, = 30007pm which is usual for
single-rotor helicopters for the reasons discussed in Subsection 2.3.7;

4) as a result of these changes, we shall assume that the rotor overlap will be somewhat
smaller, and equal to the values determined in Subsection 2.3.3;

5) we assume that the weight coefficients for all the helicopter components are the same

except for the main gearboxes, where a smaller weight coefficient is taken for the main gearbox -

of the tandem configuration {see Table 2.8). This is done, recognizing that this weight reduc-
tion represents a peculiarity of the Chinook helicopter transmission layout which we discussed
earlier in Subsection 2.2.4. .

Taking these refinements into account for the compared configurations with various
gross-weight values, Figs 2.71 and 2.72 depict the magnitude of transportable cargo over a
distance of 370 km as a function of the lifting-rotor diameter and number of blades. In develop-
ing these relationships, it was assumed in the calculations that in contrast to Tabie 2.8, both
configurations will experience a 10-percent growth in structural weight.
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CHINOOK CH47C | cHINOOK cH47C COQ‘PUTAE‘?_:“:RLVS";LA S'S:ZYNEGDL?;T&(;;
BASICDATA | AT ALTERNATIVE | ATNORMAL | OF HELIC i *
GROSS WEIGHT GROSS WEIGHT CARGO-LIFTING CAPA- HELICOPTER
BILITY OF CHINOOK CONFIGURATION
Lifting-Rotor
18.2

Diameter, m 18.29 8.29 18,29 22.00
Tip Speed of Lifting
Rotor, m/s 232 232 220 220
tyo 0.175 0.126 0.145 0.155

0 4400 1500 1500
Hp. m
Hg, m 2000 4500 4500 4500
P 0.70 0.70 0.63 -
Rotational Speed of
Transmission Shaft 12690/7465 12690/7465 10000/3000 3000
rpom
Sequence of Lifting- HH, PH HH, PH HH, VH HH, VH
Rotor Hub Hinges VH VH PH PH
Fuselage Area
Ass'umed in F9mpu- _ _ 185 185
tations of Initial
Variant, m?;
Assumed cxS - - 4.27 4.27
(ce)w, kg/(hp,hr} 0.236 0.236 0.210 0.210

TABLE 2.9 BASIC DATA OF COMPARED HELICOPTERS

The calcuiations were performed, aiso assuming that the blades have tubular steel spars for which

—

R = 20.

For both configurations, it should be noted that the optimum rotor diameters appear to agree with
those in Figs 2.59 and 2.68 for the same number of blades, differing only because coefficients T are
assumed equal to 7.0 for the single-rotor helicopter, and 7= 0.935 ( tyo = 0.145) for the tandem. As a
consequence of the difference in these coefficients, somewhat larger diameters are optimal for the tan-
dem-rotor helicopter for the same number of blades.

The weight of cargo transported by the single-rotor helicopter increases with increase of the
number of main-rotor blades. However, with increase of the number of blades above z,, = 5, the gains are
not significant.

For tandem helicopters, main rotors with number of blades z,, = 5 appear optimal. With
a smaller number of blades, as well as with the number of blades greater than z,, = 5, the trans-
portable cargo weight decreases.
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Figure 2.71 Dependence of cargo weight Figure 2.72 Dependence of cargo weight
transported by single-rotor helicopters over transported by a tandem helicopter over
distance L = 370 km on dismeter of main distance L = 370 km on dismeter of lifting
rotor Dy, , 8t various number of blades zp rotors Dy, . at various number of blades zp/
and for different helicopter gross weights G,, and for different helicopter gross weights Gg,

For the single-rotor helicopter, the cargo weight transported increases markedly with an
increase of the main-rotor diameter until this increase becomes limited as the k,, coefficient
reaches the value of k,, = (kb/)m in+ It should be noted that the gradient of cargo weight incre-
ments increases with the helicopter gross weight.

For tandem helicopters, the curves of transported cargo weight variation with reduction
of the diameter below its optimal value, especially for lower gross weights, are very flat. This
is especially visible for the curves of Gg, =12 tons, and z,, = 3 (see Fig 2.72). In such cases,
therefore, it is better to select main-rotor diameters smaller than the optimal value in order to
simplify blade development.

In all cases, the main-rotor radius constraint R, based on allowable blade droop is
beyond the point corresponding to the optimum of the cargo weight transported. Therefore,
the optimal main-rotor radius coincides with R. . The value of R for helicopters of this lift
capability at the assumed coefficient k’b, = 13 is larger than R and, therefore, the weight in-
crease associated with excessive blade aspect ratio does not show up in the calculations.
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Figure 2.73 shows, as a function of
gross weight, the cargo weight transported
over the distance L = 370 km by the optimal
variants of the considered helicopters. It can
be seen from these relationships that for the
specified service ceiling—which represents a
particularly difficult requirement for the
tandem helicopter, and the same weight
efficiency of the components and systems,
the single-rotor helicopter is capable of
transporting 1.0 to 1.5 tons more cargo
weight than the tandem.

Such large differences are not ob-
served in the cargo weights transported by
existing helicopters because of the higher
weight efficiencies of the tandem helicopter
components; primarily the Boeing main-rotor
hubs and blades, and also due to the lighter
powerplant of this helicopter. In addition,
Boeing has been able to solve such important
problems as the use of very high rotational
speeds of transmission shafts and avoidance
of rotor blade strike in spite of large values
of the rotor overlap, which also leads to some
gain in structural weight.

However, for the same weight effi-
ciency as assumed in the above calculations,
the weight ratio G and the weight ratio based
on payload G, for the tandem-rotor heli-
copter of the considered gross-weight class
are 6 to 8 percent lower than for the single-
rotor helicopter (Fig 2.74).

Gp.), ton

°‘~‘
~
L}
~N

N\
\

\\
\\ N

6} ‘ 7 ”
//;// L a3

N\ \\

N
AN

\\

2

V2 1a 16 18 20 Ggp ton

Figure 2.73 Dependence, on gross weight Gg,, of
the cargo weight (payload) Gp jtransported over a
distance of L = 370 km by single-rotor and tandem

helicopters: single-rotor; and — — — tandem
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Figura 2.74 Payload and useful weight ratios for
singla-rotor and tandem helicopters:
single-rotor, — — — tandem (zp; = 5X2)

2.5.4 Comparison of Cargo Weights Transported by Single-Rotor, Tandems, and
Side-by-Side Rotor Helicopters of the 44 to 60-Ton Gross-Weight Class

We shall present the results of calculations of the cargo weight transported over specificd
flight ranges by single-rotor, tandem, and trussed side-by-side rotor helicopters having tne indi-
cated gross weights. The data for the side-by-side rotor helicopter with a wing will be pre-
sented later in Sect 2.6 in conjunction with a comparison of pure and compound helicopters.
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It is interesting to see how the optimal helicopter parameters vary with flight range.
Therefore, calculations of the cargo weight transported were made for the minimal possible
range of 50 km and for the maximum range which can be realistically specified for the trans-
port helicopter. We consider this range to be 800 km. For the single-rotor helicopter, we also
made calculations for an intermediate range of 400 km.

We shall examine helicopters whose layouts are similar to the Mi-6 for the single-rotor
helicopter (Fig 2.75), to the V-12 for the side-by-side rotor helicopter (see Fig 2.38); and for
the tandem whose three-view drawing is shown in Fig 2.67. We will assume that for all heli-
copters, blades of the same construction will be used; incorporating a steel spar and glass-
plastic envelope, for which RA, = 20 and therefore, we will determine blade weights from
Eq (2.12).

Figure 2.75 Side-view drawing of the Mi-6 helicopter

Table 2.10 presents the weight formulae and the weight coefficients used in the calcula-
tions, and Table 2.11 shows the basic data for the compared helicopters.

Dependence of some data and the cargo weight transported by the considered helicop-
ters on main-rotor diameter and number of blades are shown for several helicopter gross weights
in Figs 2.76 to 2.84.

Single-Rotor Helicopter. The cargo weight transported by the single-rotor helicopter
over distances of 50, 400, and 800 km as a function of main-rotor diameter, are shown in Figs
2.76, 2.77, and 2.78. The curves are given for three gross weights and different numbers of main-
rotor blades. The region of considered helicopter parameters is constrained on the left by the
maximum allowable main-rotor disc loading of p = 70 kg/m*® and on the right by the maximum
allowable blade defiection, taken as (/z),, = 0.72.

We see from these graphs that for the single-rotor helicopters with the selected number
of blades. it is advantageous to increase the main-rotor diameter as much as possible until any
of the applicable constraints is reached. Regardless of which constraint is reached first, we can
confirm the previously drawn conclusion that for each number of blades there is a correspond-
ing particular optimal main rotor diameter, coinciding with the diameter determined by the
constraint which first becomes effective.

As we shall see later, we can include among the constraints the blade radius R) at which
the blade weight begins to increase because as the aspect ratio exceeds the value of R\,
although, in contrast to the other constraints, it is quite feasible to develop blades with higher
aspect ratios.
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HELICOPTER

BASIC PARAMETER USED iN CALCULATIONS
SINGLE-ROTOR | TANDEM SIDE-BY-SIDE
Main-rotor dismeter of baseline variant, m 320 26.8 220
Tip speed of main and tail rotors, m/s, at
Hpy 220 220 220
Ver 210 210 210
Hg 230 230 230
tyo = 2Ggr/Po0FU* 0.156 0.185 0.171
Airframe download coefficient for baseline version 0.970 0.967 0.940
of configuration (kg.w/,
Rotor thrust sugmentation coefficient, k 1.00 1.00 1.04
Engine vertical thrust saugmentation coefficient 1.00 1.00 0.99
kang
Thrust coefficient at Hp = 1500m. In baseline 0.185 0.185 0.200
veriant, t, = (tyo Keng/kd.wkAJ
F.M. of isolsted rotor at H = Hp, 0.707 0.707 0.689
end solidity 0p = 0.217
Coefficient of losses due to overisp, £, at z,, =3 - 0.830 Rotors
2,,=4 1.0 0.963 without
2y =5 - 0.990 overlap
Coefficient of power utilization in hover; & 0.83 094 095
Coefficient of power utilization at Ve, £, 0.89 0.94 0.95
Coefficient of unequal loading of mein-gearboxes, 1.00 1.15 1.00
Lle]
Number of intarmediate gearboxes, including tail- 2 4 3
rotors, z; 0 5
Number of transmission shafts, 2z, 1 2 1
Rotational speed of transmission shaft, ngy, rom 2700 2700 2700
Coefficient of operationsl shaft overioad, ng 26 22 1.2
Shaft length in the original layout, Lgy, m 20.25 21.40 20.80
Rotor overlap P for
2p=3 - 0.63 Rotors
zp=4 . - 0.40 without
Zp =5 - 0.17 overlap
Distance betwaen rotor shafts in the original 20.25 21.40 22,00
layout, L.m
External area of fuselage in the original layout 320 356 240
) o m? with cowlings with cowlings | with cowlings
Parasite drag squivalent flat-plate area, CxS, m? 7.0 8.95 1240

TABLE 2.11
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Assuming values of (kp),;. = 5.5, R\, = 20, (VR),y =0.12, and k%, = 13.8, and in-
creasing the gross weight of the considered helicopter while decreasing the number of blades in
the lifting rotor, the character of the dependence of the transported cargo weight changes as a
result of an increase in the referred aspect ratio above E)\o. However, the transported cargo
weight continues to increase for the single-rotor helicopter which, in many cases, places in
question the advisability of using high aspect-ratio blades because the small improvement in the
transported cargo weight must be weighed against significantly greater difficulties in developing
blades of high aspect ratios.
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Figure 2.76 Dependence of cargo weight trans- Figure 2.77 Dependence of cargo weight trans-
ported by a single-rotor helicopter over a distance ported by a single-rotor helicoptar over a distance
of L =50 km on main-rotor dismeter . of L =400 km on main-rotor diameter

Therefore, bearing in mind the entire complex of problems requiring solutions, we can
conclude that in spite of the increase in the transportable cargo weight with increase of the
diameters above 2R, diameters equal to 2R) when R) <R, and R) < R.y are still optimal for
single-rotor helicopters.
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in nearly all of the cases for the considered

Gp./, ton ~ Ggr = 60 ton helicopters, the constraint reflecting the maximum
Zp= 9! 71 allowable blade deflection R, appears somewhat
N v Fy earlier than the coefficient (kp/) -
18 1R/ § . Consequently, for these helicopters, the
/ ; p, optimal main-rotor diameter is determined by
/’ f 7 . only two constraints: RA and (Vg),,,-
14 2 For a flight range of 800 km and gross weights
// / [ no higher than 44 tons considering the (¥g),, and
V4 - 3 B R\, constraints, one finds a weak optimum of the
= 70 kg/m LT
13 Pmax v s S 952ton
] R
\ 4 '//4 5 .
' Z Geomp- k9 Nrot: Nrot
\ } / N m.r g < + hp
12 { ky M
\ / g A% \\ Kd.W
v 0.9}9000 22500
/ A / B lv \
n 1 FUELT
4 . L =
\ =N 0.8}8000 | (L =800 km) L 120000
~ y Z_ 44 ton \‘
10 ~ 1T J I\‘\< TIm.r Npat “n
/ / MAN 0.7}7000 ~—] , 17500
9 / / 15000
E s
19 17 17 =
V28 32 3% 405, m ‘GEARBOX 12500
. e 1" ko = 5.5
Zp) ™ 5
Figure 2.78 Dependence of cargo weight MAIN ] 10000
transported by a single-rotor helicopter ROTOR BLAIDEE
over a distance of L = 50 km on main- | Ly ]
rotor diamet [~
rameter 0.3}3000 = . 7500
transportable cargo weight as a function of [ | YEQUIPMENT| g .
the number of main-rotor blades. Thus, the '\ ’I\b/:i ,ﬁvsvszl’:t:.w "
optimal number of blades is (Zp/)gp, = 8, for 0.2k2000 :CONTROLS <> “-{- ? 5000
Ggr = 44 tons. zp = 8 TAIL,
— TAIL-ROTOR =od ROTOR
' The payl.oad transportable by 'the | GEARBOX LANDlNG' GEARIBLADES
single-rotor  helicopter over short flight ¢ 1}10007= FUEL & YST‘E — 2500
ranges (L = 50 km) increases with the number ZTAIL-RCW)FTH’(_TB“i INTERMEDIATE
. e M _ Y=Y
of blades (for all considered z,, values) and a AFT T T F—F=A EGEA_\Rsox
corresponding decrease in rotor diameter. o === MPENNAGE

Thus, it turns out that for short ranges,
multibladed rotors of smaller diameters are
always more favorable, while for long ranges,
this is true for rotors with somewhat fewer
blades equal to (zb,)‘,pr and larger diameters.
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Figure 2.79 Various data for single-rotor
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vs main-rotor diameter



The influence of the main-rotor diameter value on the various data required for calcula-
tions of single-rotor helicopters with 5 and 8 blades is shown in Fig 2.79.

Tandem-Rotor Helicopter. Figures 2.80 and 2.81 show the cargo weight (payload)trans-
ported by the tandem-rotor helicopter over ranges of 50 and 800 km as a function of the
diameter of the main rotor with three, four, five, and six blades for three gross weights. The
examined parametric region is bounded on the left by the allowable main-rotor disc loading
p = 45 kg/m?, and on the right by the maximum allowabie blade deflection, (V5 boyy = 0.72.
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Figure 2.80 Dependence of the tandem-
rotor payloed on rotor diameter when
transported over range L = 50 km
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Figure 2.81 Depend of the d
rotor payload on rotor diameter when
transported over range L = 800 km

We see from these figures that main
rotors with five blades are optimal for the
tandem-rotor transport helicopter of the
considered lifting capability. The cargo load
(payload) which canbe transported decreases
with both larger and smaller number of
blades, including the configuration with six
blades.

In contrast with the single-rotor helicopter, the curves of cargo weight transported for
diameters lower than optimal are flatter, although they are quite steep near the optimum, and
become steeper as the gross weight of the helicopter increases.
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Nm.r Gcomp- k8 Nret: N ot

kg K it hp in practically all cases, transported cargo
] weight maximum coincides either with the
\ / reduced aspect ratio RA o, or with the con-
0.919000-P<N 4 22500 geaint resulting from the maximail allowable
' \ /F Se- blade deflection R,. the constraint with
. (L = 800 km) respect to ( Rp),,;, Comes into effect for

0.8[8000 \ 20000 radii greater than the optimal values.
Since, in order to provide more com-
l‘ \yﬁigséi'iﬂfgs N s parable results, the same values of t,, and U,
0.7 ’70?0\4 fe' 17500 (see Table 2.11) were assumed for the single-
s " rotor and tandem configurations, the optimal
l/ \\ values of rotor diameters of those helicopters
0.6 }5000 ] n"}-’ 175000 ~ (excluding blades having increased aspect
™ Nref ratio) for each gross weight would occur at
| JgOXES I the same overall number of blades; for in-
0.5 50&0 MAIN GEAR m- 12500 stance at (zp));, = 8~ (bis hgn = 2X4;
MAIN- ROTOI_R H or at (Zb/)s‘, =6 — (Zb/z)“n =2X3 in-
Rg'&g? . (Bz';,‘\ng( 4 dependent of acting constraints, as all con-
0.41408 T 1 MJN"’ 10006 straints depend on the Gg/ tzpj parameter
S%l Eoiﬂ\:/.' | only.N ‘ - '
POWERPLANT evertheless, since the considered tan
0.3 }30§0 =S T 7500 dem lifting rotors have a higher number of
N blades than the single-rotor helicopter—for
=~ _instance, the optimal parameter zp; = 10—
0.2 'ZUL%MBINING ‘CONTTOLS 5000 consequently, the diameter of th}e: lifting
{ GEARBOXES rotors for the optimal variants of tandem

i LANDING g%g—f}-‘ : helicopters appear to be smaller.
0.1\000 1 SYSTEM 2500 The variation of the quantities used as a
. TRANSMISSION | VIBRATION 4 function of the rotor diameter are shown in
X ISHAFTS l 1 ABSORBERS the calculations for the tandem helicopter in
UL 218 | — JO#;'M Fig 2.82.

Figure 2.82 Verious data for 52-ton gross weight
tandem helicopter. shown vs rotor diameter

Trussed Side-by-Side Rotor Helicopter. The same relationship for a side-by-side rotor
helicopter similar to the V-12 with truss-type main-rotor supports and inversely tapered wing,
but with multiblade main rotors without overlap are shown in Figs 2.83 and 2.84.

It should be noted that the cargo weight which can be transported by this configuration
increases strongly with an increase in the number of main-rotor blades, even for z5, = &8 or
more.

In nearly all cases, the maximum allowable blade deflection represents the first con-
straint encountered; although, just as in many of the cases examined earlier, the differences in
the main rotor radii corresponding to the different constraints are very small.

Because of the increased weight of the truss-type rotor mounting and the constraint
associated with (&p/)p, ;. the cargo weight (payload) which can be transported decreases very
sharply for main-rotor radii larger than the optimal value.
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T T zp=9 | In calculating the truss-type side-by-side
5 ARy, rotor helicopter, we used the value t,, =
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Figure 2.83 Truss side-by-side helicopter paylosd Figure 2.84 Truss side-by-side helicopter pav/oad
for 50-km range as a function of main-rotor diameter for 800-km range as & function of main-rotor diameter

The variation of the quantities used as a function of rotor diameter in the calculation
for the trussed side-by-side rotor helicopter is shown in Fig 2.85.

Comparison of Cargo Weight Transpcrted by Optimal Variants of Various Helicopter
Configurations. Fig 2.86 shows as a function of the gross weight the cargo weight which can be
transported over distances of 50 and 800 km by the considered optimal helicopter variants. It
can be seen from this figure that the single-rotor helicopter can transport the largest load.
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Figure 2.85 Various data for 52-ton gross-weight, efficiency (Gp ;) for optimal variants of various
truss-type, side-by-side helicopter shown vs rotor helicopter configurations shown as a function of
diameter gross weight: ——single-rotor helicopter (2 =
8).— — —tandem (zp; = 5X2); — - — —side-by-side
(2p) = 8X2)

For the same weight efficiency, the tandem helicopter will transport 3 to 4 tons less cargo over the
same distance. The truss-type side-by-side rotor helicopter occupies an intermediate position be-
tween the aforementioned configurations—approaching cargo weight transport capabilities of the
single-rotor helicopter. ' _

Figure 2.87 shows G values and payload weight ratios Gp_, for optimal variants of the ex-
amined helicopter as a function of gross weight. It can be seen from this figure that for the assumed
weight coefficients—allowing 10 percent for structural overweight—the weight ratio G lies within the
limits of 41 to 42 percent for the single-rotor, 39 to 40 percent for the side-by-side, and about 34 to
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36 percent for tandem helicopters. In the weight outputs of the examined configurations, we
observe the same approximate relationships as in the cargo weights (payload) transported by
these helicopters.

In conclusion, it should be noted that helicopter configurations are sometimes compared
exclusively or primarily on the basis of their aerodynamic aspects. It is obvious from the calcu-
lation results presented here that incorrect conclusions will be reached from such an approach,
since the most marked differences between the helicopter configurations show up in the struc-
tural weights, and not in the aerodynamic data.

2.5.5 Estimate of Helicopter Maximum Lifting Capability

It is interesting to evaluate the maximum capabilities with respect to the cargo weight
which can be transported by the helicopters considered above when constructed at the modern
level of weight and aerodynamic efficiency, and under the constraints discussed in Sect 2.3. To
evaluate this capability, we shall
make calculations of helicopters
/é having gross weights greater than

‘ 60 tons using the basic data

50 |~ shown in Tables 2.10 and 2.11. It
/ E/ is obvious that for such a lift

capability, the fuselage dimen-
sions should be taken in accor-
— dance with the standard fuselage
size D (see Fig 2.64). However, in
this case, the fuselage weight in-

L =50km (D) / ‘ > creases very markedly to the
vﬁlz }% detriment of the cargo weight
|

30 77 / which can be carried. Therefore,
e
/

G

p.l° ton

40 7

\\
N
ng ™ 48000 hp

n
/,

in order to obtain data compara-

~ 7 ; _ ble with that presented above, we
/'/ > - - shall also make calculations for
/ "’ W ! helicopters with fuselages corre-
20 7 ” . .
/ /V ‘ sponding to standard fuselage size
/ C. In examining helicopters with
L=50km (C) r~ standard fuselage size D, we will

i also make allowance for the in-

crease in equipment weight by
determining it from Eq (2.108)
tor a gross weight of 100 tons.

Fig 2.88 shows the absolute
cargo weights which can be trans-
) 40 80 120 160 G, ton ported by such helicopters over

] . ranges of 50 and 800 km, and Fig
Figure 2.88 Dependence on gross weight of cargo waight trans- . . =
ported over distances of 50 and 800 km by single-rotor, tandem, 2.89 shows their weight ouﬂ) utG
and trussed side-by-side configuration helicoptars having fuse- and payload weight ratios Gp‘ ;as
lages of the C and D types. ——single-rotor, — — —tandem, functions of the helicopter gross
————— trussed side-by -side
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weight. We see from these figures
that the maximum gross weight of the single-rotor helicopter cannot be higher than approxi-
mately 145 tons since, in this case with three-shaft power input to the main gearbox, the power
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transmitted by each of the six bevel gear pairs reaches 8000 hp; i.e., the magnitude which we
have assumed to be maximum for transmission by a single bevel gear pair (see Sect 2.3).

The weight ratio of this helicaopter with standard fuselage size C and with the assumed

performance decreases by about 5 percent in comparison with the maximum weight ratio
achieved for the gross weight class of 60 to 65 tons. For the standard fuselage size D and the
corresponding increase in equipment weight, the weight ratio additionally decreases by approxi-
mately 5 to 6 percent.

Thus, the single-rotor helicopter with the assumed basic data is capable of hovering out-
of-ground effect at H = 7500 m, transporting cargo weighing 63 tons over a distance of 50 km
with standard fuseiage dimension C, and cargo weighing 47 tons with standard fuselage D. Over
a range of 800 km, it could transport 31.5 tons with standard fuselage size C and 24 tons with
standard fuselage D. Such a helicopter will have the following parameters: eight-bladed 52-m
diameter main rotor with blades having high aspect ratio—for this diameter, A = 77.7; blade
chord b = 1.47m; and its tail-rotor diameter will be about 13 meters.

The weight output of the tandem-rotor helicopter appears about 6 to 8 percent lower
than that of the single-rotor helicopter. In addition, because of the limitation of the power
transmitted by the bevel gear pairs, the gross weight of the tandem-rotor helicopter with two
synchronizing shafts cannot be higher than approximately 100 tons. With this gross weight, the
tandem can transport cargo weighing 34 tons over a distance of 50 km with standard fuselage
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size C, and 26.5 tons with standard fuselage D. For a distance of 800 km, the payload will
amount to 19,5 tons with standard fuselage C and 10.5 tons with standard fuselage size D;
i.e., significantly less than for the single-rotor helicopter.

The truss-type side-by-side helicopter with standard fuselage size C and truss structural
height at 4/ = 3 m has a maximum weight output for a gross weight of about 50 tons. The
weight output of the helicopter of this configuration decreases quite rapidly at higher gross
weights because of the increase in the main-rotor diameters and the corresponding increase in
both the dimensions and weight of the outriggers.

With standard fuselage size D and truss structural height H = 4.3 m, the maximum weight
output of the truss-type side-by-side rotor helicopter is achieved at gross weights of 80 to 100
tons. As for the constraints with respect to power, they turned out to be higher than for the
single-rotor helicopter for all of the examined gross weights. However, because of the higher
parasite drag, the cargo weight which can be transported by such a helicopter over a range of
800 km is higher than for the single-rotor helicopter, but only up to gross weights of about 130
tons. At higher gross weights, the single-rotor helicopter has payload advantages.

We note that the performance of the truss-type side-by-side rotor helicopter for takeoff
weights over 100 tons could be somewhat improved by increasing the truss structural height
above H = 4.3 meters.

The constraint resulting from the power transmitted by the bevel gear pairs has practically
no influence on the characteristics of this helicopter.

The truss-type side-by-side rotor helicopter with standard fuselage size D, capable of
transporting the greatest load over a range of 800 km, would have muitibladed (z,, = & or
more) main rotors of about 35 to 36-m diameter.

We see from this data that using the contemporary design approaches and the currently
achievable component weight level, the greatest cargo-lifting capability can be reached by
single-rotor and truss-type side-by-side helicopters. '

2.5.6 Selection of Optimal Single-Rotor Helicopter Tail-Rotor Parameters

The parameters of the tail rotor exert a relatively small influence on the overall helicop-
ter performance; nevertheless, just as the parameters of all the other helicopter components,
they should be optimal, since every possibility for structural weight reduction, no matter how
slight, must be utilized.

Just as for the main rotor, we shall examine various diameters and numbers of blades,
while retaining unchanged the tail-rotor thrust coefficient in hovering out-of-ground effect at
H = 0. However, the value of the thrust coefficient will be assumed lower than for the main
rotor, {t¢ /), = 0.14. '

When varying the tail-rotor diameter and number of blades, we shall take into account
the changes in the weight of the tail-rotor blades, hub, tail and intermediate gearboxes, trans-
mission shafts, fuselage (as a consequence of variation of the distance between the axes of the
main and tail rotors) and the tail-rotor control system. We separate the weight of the latter
from the overall weight of the control system and then determine its weight by the following
formula:

— 2 . — 3
Gt.reont = Rercone ZerPer Rey assumingRe, .. = 40kg/m”.

We also consider all the other small changes in the weight of the other helicopter com-
ponents and systems, and the fuel supply in connection with the change in engine-power re-
quired because of the difference in the power required by the tail rotor resulting from the
D, , variation.
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As an example, the results of one such calculation are shown in Fig 2.90 where, for a
helicopter of 52-ton gross weight with constant main-rotor parameters and selected fuselage
cargo compartment dimensions, the values of the cargo weight {payload) transported by such a
helicopter over a distance of 800 km are shown as a function of tail-rotor diameter and number
of blades.

We see from this figure that with an increase of D, ., the cargo weight transported by the
helicopter becomes constrained by the maximum allowable tail-rotor blade aspect ratio, which
we took as (At_,)m" = 8 (see Subsection 2.2.7).

We see from these calculations that for tail rotors with different number of blades, the
cargo weight transported by the helicopter increases quite rapidly with increase of the tail-
rotor diameter and the corresponding increase in the tail-rotor blade aspect ratio up to and
including A, , = 8.

Consequently, the optimal tail rotor will always be that with the maximum allowable
aspect ratio of its blades.

The optimal number of blades depends on the tail-rotor thrust required. In the con-
sidered case (see Fig 2.90), the cargo weight transported by the helicopter is practically the
same for a number of blades from zp, . =3 to Zp, , = 5, and decreases somewhat for zp;, >
5 and 21, , = 2: i.e., the payload optimization aspects do not impose serious constraints on the
selection of the number of tail-rotor blades.

The constraint determined by the maximum blade mass characteristic (7v,),, .. = 3
appeared everywhere outside the A, , = & constraint.

2.6 Comparison of Pure and Compound Transport Helicopter

Increase in the helicopter flight speed is limited by main-rotor blade stall. In order to
delay stall through unioading of the main rotor, a wing can be installed on the helicopter
which, at high speeds, would share in the generation of the flight vehicle lift force. Unfortunate-
ly, the unioaded main rotor cannot provide the propulsive force necessary for flights at high
speed. Therefore, special propulsors must be installed on such a flight vehicle—either airplane-
type propellers, or turbofans. This type of flight vehicle is termed a compound helicopter.
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In the hover regime, both the propulsors and the wing represent not only unnecessary
baltast which reduces the useful load, but is also a source of additional power losses: the wing
because of download losses, and the propellers because of their operation in idliing. In hover,
up to 3 to 5 percent of the power transmitted to the main rotor is expended in rotating the
propeller at zero thrust.

In forward flight when the lift is generated by the wing, and the specially installed power-
plants are used to obtain the propuisive force, the main rotor with its controls and transmission
becomes a parasitic component which increases the parasite drag of the compound helicopter.
Therefore, for the same weight efficiency of the components and the same gross weight, but for
different flight speeds, the cargo weight transported by the compound helicopter will always be
smaller than that transported by the pure helicopter.

The question is: can the compound helicopter, in spite of its smaller useful load but
thanks to its higher flight speed, provide greater productivity than the pure helicopter and, if
so, how much higher?

Since we are considering only transport aircraft. we shall compare their productivity in
cruise over a given range.

It is not difficult to imagine compound helicopters developed on the basis of helicopters
of all the known configurations. But if we recall that the additional components installed on
the pure helicopter to convert it into a compound would significantly reduce the useful load
transported by the vehicle, the most logical approach appears to begin with a configuration
showing the highest weight output; namely, with the single-rotor helicopter (Fig 2.91).

Figure 2.91 Scheme of a compound helicopter of single-rotor configuration

However, conversion of the side-by-side helicopter with a wing into a compound has
certain advantages since it already has a wing which need not be added [Fig 2.92). Conse-
quently, it can be shown that its weight increase will be less than for the other configurations.
However, calculations show that this advantage is not decisive, since the use of very powerful
and consequently, quite heavy, powerplants and propulsors which, for configurational reasons
are best located at the wing tips, leads to further increase of the wing weight, which is already
heavy in the pure helicopter of this configuration because of the necessity for ensuring the
required stiffness of the main-rotor supports located at the wing tips {see Subsection 2.2.8).
For the same reason—as will be discussed later—it is not possible to achieve a very high wing
L/D ratio in this compound helicopter configuration.

The development of a compound helicopter from the pure tandem-rotor helicopter is
least favorable, both with respect to weight considerations and because of difficuities of a con-
figurational nature. It is not advisable to install the wing in the middie of the helicopter—the
region of highest downwash velocities arising in the rotor overlap region. Installation of two
wings below the forward and aft rotors would complicate the configuration of the compound
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helicopter still further. in addition, major difficulties may arise because of the very complex
transmission required in this layout.

We a priori exclude the schemes with independent powerplants for main rotors and
propulsion from consideration since, in this case, either in hover or at high forward speeds,
one of the two powerplants is entirely parasitic, in addition to the previously-mentioned com-
ponents, which further increases the compound helicopter structural weight.

We shall examine compound helicopters with cruise speeds from 350 to 450 km/hr,
bearing in mind that flight speeds up to 350 km/hr can be achieved with lower weight penalties
on the helicopter with a wing.

2.6.1 Determination of 7, ) with Account for the Compounding Effect

In selecting the parameters of the compound helicopter, we must take into account the
so-called “compounding effect” which leads to the possibility of using lifting rotors with re-
duced solidity in comparison with the pure helicopters. Such rotors can have somewhat lower
power required in hover, and the required stall margin in level flight, thanks to rotor unloading
by the wing lift force. Use of the ‘‘compounding effect’ makes it possible to lighten the lifting
rotors of the compound helicopter. In the design process, this approach is reduced to specifying
a higher value of the rotor thrust coefficient t,, , based on the vehicle gross weight in hover at
h=0.

If it is required that the compound helicopter be able to fly at the service ceiling of H =
4500 m within some speed range, beginning with a speed of about 160 km/hr, it should be rea-
alized that even at such a low velocity { V= 0.2), the wing can generate a lift which makes it
possible to reduce the rotor thrust coefficient by Aty = 0.03, and, in accordance with Fig 2.46,
the value of ¢, o Can be determined as

ty, = (0.225 + 0.03)A[(wR), / (WR),]? = 0.18;

i.e., the value of this coefficient can be assumed as somewhat higher than that for helicopters.

Even if we do not impose the requirements noted above with respect to minimal flight
velocity at H = 4500 meters, ¢, o cannot be increased above 0.18 for many other reasons. The
main rotor efficiency in hover at the specified hover ceiling, or under similar air density condi-
tions in hot weather at // = 0, would decrease markedly with a further increase of ¢, o' By the
same token, in flight at low speed, when the wing develops a small, or even negative, lift force,
the helicopter can easily encounter main-rotor stall in the case of small overloads; for example,
in deceleration prior to landing.

2.6.2 Compound Helicopter Main-Rotor Tip Speed and Its Variation as a
Function of Flight Conditions

Several studies have been made of compound helicopter designs in which it is proposed
to reduce the main-rotor rotational speed (wR)m., at high flight speeds in order to reduce the
parasite drag. In this case, the compound helicopter lift force is practically completely provided
by the wing and the propulsive force by the propulsors. The power required to turn the main
rotor decreases significantly in such designs.

Reduction of ( wR),, , makes it possible to reduce the engine power required and the
fuel supply for flight over the specified range, but makes the main rotors with their transmis-
sions nearly completely dead weight in flight at high speeds. The propulsor which, in this case,
creates practically the entire propulsive force of the compound helicopter, must be more
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powerful and consequently, heavier, which reduces the possibility of obtaining a large improve-
ment in useful load in this layout.

In realizing this scheme, significant technical difficulties arise in reducing the main-rotor
rotational speed in flight at high speeds. Discarding as impractical the schemes with use of
various clutches and gear shifts, we shall consider that this reduction is feasible only by regu-
iating the rotational speed of the free-turbine engine. However, in this case, an obvious contra-
diction arises in the required laws of variation in the various flight regimes of the main-rotor
and engine rotational speeds. The propulsor speed must be reduced in the hover regime and in-
creased to the design value at the cruise speed of flight, while the main-rotor speed would vary
in reverse order. This approach can be realized only with the use of combined engines with two
free turbines.

When using engines with a single free WR, mfs
turbine, this rotational speed reduction 2
cannot be more than 10 to 15 percent. It is L
not possible to count on the marked change 220 —— [~ — T N
of the compound helicopter characteristics 210 1 N\
in this case. Therefore, in the present A\ T ‘\
section, we shall examine only compound 200 ! \
helicopters with small variation of the M,ag':,)\\\
main-rotor speed for which, just as for the 1g0 X
helicopters, (wR),, , increases by 5 percent ; N
{in comparison with the hover regime) at 180
moderate flight speeds and high altitudes, >

. . . o
including flight at H;. and decrea.ses by 5 L’\, 250 300 350 400 450 v gmm
percent at V,,. The absolute magnitude of .

the (wR),, , increase is limited by the Mach F 293 od mai 1> spesds of

g ; igure 2. Assumed main-rotor tip speeds of com-
number because °_f the Pppearance of the  ounds designed for (1) various cruise speeds, and (2)
wave drag on the tip sections of the advanc-  corresponding tip speeds in hover.

ing blade. However, considering that the

lifting rotor weight increases significantly with reduction of the tip velocity, the Mach number
at the tip of the advancing blade should be as high as possible. Therefore, we take the values of
(wR),y, , shown in Fig 2.93 as a constraint for the main-rotor tip speeds.

2.6.3 Number of Blades, Diameter, and Possible Lift of Main Rotors of
Compound Helicopters

In the preceding section, it was shown that the optimal main-rotor diameter for the pure
helicopter corresponds to the minimum rotor weight. To achieve this goal, it was advantageous
to use main rotors with the maximum number of blades. It is obvious that this conclusion also
applies to compound helicopters. However, considering the increased complexity of the main-
rotor hubs, we introduce a constraint regarding the number of blades, assuming that there can-
not be more than z,, = & blades.

Then, assuming z,, = 8, and taking into consideration the fact that for the sizes con-
sidered below, the main-rotor radius is first constrained by the allowable blade deflection y g,
we find that radius either from Eq (2.123) or Fig 2.59.

it follows from the calculations presented below that the most advantageous flight re-
gime of a compound, from the point-of-view of transported cargo weight, is when the lifting
rotor develops lift as close as possible to its maximum value as given by the blade stall limit.
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It is obvious that this regime cannot be used in practice since, under rough air condi-
tions, and when maneuvering the compound helicopter, the main-rotor angle-of-attack
continuously varies, and a smal! increase in the thrust will trigger blade stall, as a result of
which, the alternating loads in many components of the compound helicopter will increase
markedly. Therefore, it is necessary to have a definite stall margin with respect to the main-
rotor thrust. However, in this respect, we shall not specify any definite values in the follow-
ing calculations, considering that the introduction of such requirements would be premature
and not sufficiently justified experimentally.

2.6.4 Requirements to Ensure Main-Rotor Blade Fatigue Strength

With an increase in the flight speed, the alternating stresses in the main-rotor blades
increase markedly. This increase becomes still more intense because of the need for reducing
the rotor tip speed (see Subsection 2.6.2). Therefore, the development of main rotor blades
for the compound helicopter designed for high flight speeds is a much more difficult prob-
lem than for the pure helicopter.

The most effective way to reduce the alternating stresses in the blade is to unload the
main rotor of the compound helicopter by a wing. To ensure fatigue strength of the blade
designs used at the present time, the degree of main-rotor unloading should be considerably
higher than that which is optimal with regard to maximum cargo weight transported. There-
fore, in .order not to depart too far from the optimal flight regimes, we shall consider that
the blade strength under high alternating stresses is ensured through use of modern high-
strength materials.

However, we shall avoid all other aerodynamic performance improvement techniques
which lead to an increase in the alternating stresses in the blades; increased blade twist, for
example.

2.6.5 Aerodynamic Characteristics of Compound Helicopter Main Rotor

In selecting the aerodynamic parameters of the compound helicopter main-rotor
blades, we are guided by the same considerations used in designing transport helicopter
blades.

For the compound helicopter, just as for the pure helicopter, it is important to have
an adequate margin with respect to main-rotor blade stall. This margin must be provided at
moderate flight speeds up to the maximum usable altitude, when main-rotor unloading by
the wing is slight. Therefore, it is not recommended to use airfoil sections with relative
thickness lower than 10 to 11 percent for the blade tip region, since thinner sections have
lower Cymax Volues. '

In spite of main-rotor unloading by the wing, the problem of ensuring blade strength,
particularly at high flight speeds, remains even more serious for the compound helicopter
than for the pure helicopter and, in order to reduce the alternating stresses in the blade,
it is necessary to use blades with moderate aerodynamic twist. Calculations show that in-
creasing the twist above 6 to 8 degrees leads to definite difficulties in ensuring blade
strength.

Therefore, for the compound helicopter, we shall examine conventional main rotors
with the same aerodynamic parameters as for the pure helicopters.

Figs 2.94, 2.96, 2.96, and 2.97 show the aerodynamic coefficients mg and ¢, for
such rotors as a function of the ratio of the main rotor thrust to compound helicopter gross
weight T, ', = T /Gy, for four flight speeds: 260, 350, 400, and 450 km/h.
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Figure 2.94 Aerodynamic coefficients mq and
tx as a function of the main-rotor relative thrust
defined by the coefficient Tp, , for 260 km
speed with WR =210m4A, He, = 500m std., and
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Figure 2.96 Aerodynamic coefficients mq and
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For a selected value of lyo: the quantity ‘77,,,., can be found from the formula
Tm., = bcr/po) [(“-’R)‘;r/((‘)R)h]2 (ty/tya);

where p, and p, . are the ISA densities for /= 0 and at the aititude used for cruising flight.
We shall take this altitude as 500 meters, just as for the pure helicopter.

Since trimming of the compound helicopter at high flight speeds is best accomplished
with the aid of airplane-type control surfaces, the angles-of-attack on the characteristic curves
are given from trimmed main rotors, for which the moments (Mp,p), and (Mp,p), on the hub

~ are made equal to zero by tilting the swashplate.

The main rotor L/D calculated from these characteristics

| Km.r = tyl lma/V) + 14] (2.176)
has a maximum (K ) ax = 7.5 at V = 260 km/hr, and (Kpm . )pex = 4.6 at V =450 km/hr.
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Figure 2.98 Main rotor L/D plotted from the sero- Figure 2.99 Main rotor L/D plotted from the
dynamic characteristics shown in Fig 295 for V = aerodynamic characteristics shown in Fig 2.96
350 km/mrend WR=210m4A for V = 400 kmmMr and WR =205 m/s

The dependence of K, , on the ratio of the main rotor thrust to the gross weight Tm. ,
for several main-rotor anglesof-attack and flight speeds of V = 350 and 400 km/h as shown in
Figs 2.98 and 2.99. The maximum L/D values for various flight speeds are shown in Fig 2.100.
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2.6.6 Method for Selecting Optimal Distribution of Lift Between the Main Rotor
and the Wing, and Power Between the Main Rotor and Propulsor

The optimal relationship between main-rotor lift and wing lift, and the corresponding
distribution of power between the main rotor and the propulsor are often found from the
condition of minimizing the power required by compound helicopters. [n many cases, this
approach yields quite satisfactory results since, at high flight speeds, the power required
increases sharply and consequently, the weight of the powerplant installation as well as the
fuel. Both of these factors become of prime importance in determining the payload of the com-
pound helicopter.

However, the weight of the propulsor, particularly if this is a propeiler requiring trans-
mission for its rotation, constitutes a significant fraction of the overall structural weight. Con-
sequently, it is important to know the fraction of the overall propulsive force provided by the
propulsor since its weight and therefore, the payload, depends on this relationship which was
not considered when selecting the design parameters on the basis of minimum engine power
required.

Therefore, the optimal relationship between the main rotor and wing lift, as well as the
power distribution between the main rotor and the propulsor, can be determined only as a re-
sult of calculations culminating in the determination of the cargo weight that can be trans-
ported by the compound helicopter. This problem will be discussed below.

2.6.7 On Selection of Wing Dimensions and Characteristics for Side-by-Side
Type Compound Helicopters

If the wing of the side-by-side compound helicopter is selected solely on the basis of
aerodynamic considerations, it will turn out to be either insufficiently rigid to prevent “ground-
resonance’’ type vibrations in the air, or will be excessively heavy.

Therefore, the wing dimensions, especially area Swg and relative airfoil thickness 5,
should be selected taking into account the requirements of stiffness and minimal weight of the
wing. If, in attempting to increase the wing L/D, its airfoil relative thickness h is taken equal to
0.12... 0.14, then in accordance with Eq (2.81), the optimal wing area (selected on the basis of
minimizing G, + AT, ) would be too large and, because of the low value of the ¢, coeffi-
cients, the obtained wing L/D ratio would be inadequate.

Therefore, in order to reduce the weight of the wing and improve its L/D by reducing
the wing area and approaching optimal values of ¢, the relative thickness of the wing section
must be increased. However, considering that an excessive increase in the relative thickness of
an airfoil also leads to a reduction in its maximum L/D, we establish the value of h=02asa
limit.

Taking the above arguments into consideration, the wing aspect ratio which was selected
on the basis of the G,y * AT , minimization, does not come out higher than )\Wﬂ =4..4.5.

For configurational reasons, it is desirable to reduce the wing incidence angle as much as
possible. Therefore, a profile with the highest possible «, value would be selected for the wing.

Figure 2.101 shows K, , as a function of ¢y for a wing with aspect ratio )\wa =4.5, and
one of the acceptable airfoil sections with relative thickness # = 0.2.

We see from this figure that the maximum L/D of this wing is no higher than (Kyg),ax
= 14.5, which constitutes a well-known drawback of the side-by-side compound helicopter
configuration.

For the single-rotor helicopter, it is possible to develop a wingwith (Kyg),,,,, = 27 to 25.
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2.6.8 Propulsor Thrust

The propulsor thrust in flight at the cruise speed can be found from the expression:

Torop = Tx+ T A,  + Xwg T Yug By, + Qp,, (2.177)

where 7, and Ty respectively, are the main rotor drag and lift along the axes of flow de-
flected because of wing-rotor interference; Xwa and Yw respectively, are the wing drag and
lift, also along axes fixed with respect to the deflected flow; Qp., is the parasite drag of non-
lifting compound helicopter components; and Aam. ,and Aaw, respectively, are the increments
of downwash angles at the main rotor and wing because of the mutual main-rotor and wing
interference. We find the values of Aa,, , and Aaw from the following formulae:

Bap, o = X leydwg/My,l + (X001, /4u) (2.178)
and
ba,, = )(W,cr/ﬂx2 (2.179)

in which we take X, ,=0.72, Xwg = 0.8, and x,, = —0.35 for the side-by-side compound heli-
copter configuration.

2.6.9 Propulsor-Type Selection

Two types of propulsors can be considered for the compound helicopter; namely, air-
plane-type propellers, or fans which have a smaller disc area than propellers with corresponding-
ly higher solidity and an outer cowling, or shroud as it is sometimes termed.
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Designs incorporating the fan built into the engine itself which, in this case, is termed a
bypass turbofan engine, are better from an installation and weight viewpoint.

When the fan is separated from the engine, the powerplant configuration becomes more
complicated because additional angle gearboxes with high-speed connecting shafts are required.
The weight of such a powerplant is significantly higher. Therefore, we shall not examine this
propulsor version. Use of the turbofan propulsor makes it possible to obtain a more compact
aircraft, and facilitates a solution of the vibration problems which often develop in vehicles
with a propeller; but, as will be shown later, is unfavorable from the viewpoint of weight.

The primary difference between the fan and the propeller from the aerodynamic view-
point is the much higher disc loading and correspondingly higher velocity of the airstream dis-
charged by the fan. While for the optimal parameters of the propeller for the compound heli-
copter, the disc loading is about p = 200 kg/m*® and no more than p = 300 kg/m?; for the
modern bypass turbofan engines, a loading on the order of p = 3000 to 4000 kg/m? is used.
This high loading reduces the propulsive efficiency in spite of the fact that in compound heli-
copters this efficiency improves somewhat more than for the propelier because of the infiuence
of the shroud which prevents contraction of the slip-stream discharging from the fan or even
somewhat increases its cross-section.

If we assume that the section-area of the slip-stream leaving the fan remains constant,
the ideal thrust efficiency of the fan can be found from the formuta

(nr),, = 1/6+%/T + 4p/pV?). (2.180)
The ideal propeller thrust efficiency is found from the formula
(7),0p = 1104 + %V + 20/0V?). (2.181)

The relative efficiency of the propeller and fan can be written as

Neet = 11 + (Cx/4t7)17r] (2.182)

where V = V/U,.

The values of ¢, for a propeller with tip speed U, = 285 m/s and solidity o =~ 0.2 are
shown in Fig 2.102.

The overall propulsive efficiency of the propulsor can be found from the formula

Npr = N7 Nrer- (2.183)
The efficiencies obtained from these formulae are shown in Fig 2.103. From the per-
formed calculations it was found that the optimal parameters for the propeller aret,, ., =
0.175 and ¢, = 0.025. For the fan we take t;,, =0.25 and cx = 0.075.
npf, Cx
101 0.1 +—V= J
400 aﬁsm mh L
V=300 kmp 3
Figure 2.102 Dependence of coefficient ¢y on thrust Tpr
coefficient tpsop, obtained from charscteristics 'of e o5l0.05
propeller with tip speed WR = 285 m/s and solidity | ¢y /
g = 0.2, and corresponding efficiencies calculated i )/
using Eq (2.183) / —
o ol T1T02] [ | [torop
S =32 58 a9
< .- o~
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thrust to the power expended can be defined as

Tpr = 7-pr/Npr = 75010r0/V (2.184)
— Figure 2,104 Ratio of thrust to power ex-
Figure 2.104 shows Tpr as a function of pended as e function of flight speed for

flight speed for a propeller with p = 200 kg/m? propeller and fan
and a fan with p = 3000 to 4000 kg/m*.

From this graph, we see that for the same power available, the fan thrust is significantly
lower than for the propeller, and according to this data, the fan approaches the propelier only
at speeds near 700 km/hr.

However, the fan is much lighter than the propeller. Therefore, the final decision on the
optimal propulsor type can be made by examining the sum of the weights of all the compound-
helicopter elements which depend on the propulsor type.

Let us examine how the ratio of the overall weight of these elements (i.e., weight of the
propeller, increment of the powerplant instaliation, and fuel required for flight over a given dis-
tance) to the propulsor thrust will vary with the speed of flight.

The magnitude of this ratio can be calculated from the following approximate formula:

AGp:or = Gp:or + hany.inc + kT(cdcr(L/V)] V/270’7T’7rol' (2.185)

Here, AG;“,, = the ratio of overall weight of all the compound helicopter elements which

depend on the propulsor type, to its thrust; and Gpm, = the ratio of the propulsor weight to
its thrust. For the optimal propeller variants examined below, consisting of blades, hub, and re-
du_c_tion gearing, this quantity varies as a function of propeller power within the limits of Gpm,
= Gppop = 0.2 10 0.21. In the case of turbofans, we shall set G,,,, = 0; and consider the fan
weight as part of the engine weight as defined by the powerplant weight coefficients, Yy, inge-
In the propeller case, we take this coefficient as equal to Yeng.inst = 0.743 in accordance with
Table 2.10. In modern turbofan engines for compound helicopters, we assume that it is possible
to achieve specific weights of such engines corresponding to the coefficient y = 0.74 to 0.75
kg/hp. With account for the weight of the powerplant installation (see Subsection 2.2.9), we
take Yyg.inge = 0.19. With respect to engine sfc at the cruise-flight speed (c, )., we take it to
be the same in the versions being compared and equal to (c,),, = 0.2] kg/hp.hr, although the
fuel flow rate may be somewhat higher for the turbofan engines with two free turbines. The

flight velocity V in Eq (2.185) should be in km/hr.
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We note that the changes in the power- 3.0
plant cowling weight, and wing weight of the | \ \
side-by-side helicopter which depend on the IBVVERY FAN ‘
installed engine power, are assumed as small | \ (o = 3000 kg/m?)
and thus, do not appear in Eq (2.185). 20 7 L = 800 km

r— . .

Values of AGp,,, are show'n in Fig \ \\\ S 500~

2.105 for the powerplant types being com- \ \7_\ ——--”"",747)5‘
. . T

pared for two compound helicopter flight 10 \ / ]
ranges. We see from this figure that the pro- * "~ { S —1 —‘r";"""\mo
peller is better on the basis of weight for PROPELLER P =200 kg/m

both the 400-km and 800-km ranges. There- 0 100 200 300 400 500 600 V,km

fore, we shall examine only airplane-type
. P Figure 2.105 Relative overall weight of compound
n ication
propellers as propulsors in application to helicopter components whose weight depends on the
transport compound helicopters. propulsor type is shown as & function of flight speed
for a propeller and fan

2.6.10 Selection of Propeller Parameters

The propeller parameters may have a serious influence on the cargo weight transported
by the compound helicopter, particularly for the side-by-side rotor configuration. In this con-
figuration, the weight of the propeller together with its reduction gearing is included in the
weight of the nacelle located at the wing tip which influences the wing weight. Consequently,
the weight of the propeller together with its reduction gearing not only contributes directly to
the empty weight of the side-by-side compound helicopter, but also indirectly through the in-
crease of the wing structural weight.

The propeller efficiency 1,.0p also influences the value of the cargo weight carried by
the compound heiicopter. The installed power and the overall weight of the fuel on board re-
quired for the specified flight range depend on this coefficient. Therefore, we shall find the
optimal propeller parameters for each variant of the compound helicopter. To accomplish this
task, we make calculations for several values of the propelier thrust coefficient Yorop: and blade
aspect ratio X .o, assuming that in all cases, the number of propeller blades is (zp/)p,0p = 4-

We find the propeller radius from the following:

Rorop = V2 TpropMprop [P\2b1)prop tprap U

where the propeller tip speed is assumed as Uy = 285 m/s. The propelier efficiency is determined
from the following formula

1
n = — (2.186)
proe %1 + VT + (cr/VI1] + lex/dtyrop V)
which yields results in agreement with Eq (2.183). Here, cy = Otprop where

0=bp40p | zb,)p,ap/anmp.

The value of ¢, for the propeller with tip speed U, = 285 m/s is determined from Fig
2.102. This figure also shows the efficiency of a propeller with solidity o = 0.2 for various
compound helicopter flight speeds. We see that the propeller used in the analysis has quite high
efficiency.
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Knowing Npropr We find the propeller power required from the formula

N,

prop = TV/75npf°p' (2.187)

After determining the propeller parameters, we introduce a constraint on the maximum
propeller diameter, which is established for the particular compound helicopter configuration
on the basis of considerations of difficulties associated with mutual positioning of the pro-
pellers and the main rotors. '

We determine the propelier blade and hub weights from Eqgs (2.53) and (2.54).

2.6.11 Powerplant Power Required for Compound Helicopter Flight at
Cruise Speed

The powerplant power required for the compound helicopter flight at cruise speed can
be found from the formula :

(Neng.ins )z, = Nm,r/E + Nprop/Eprop (2.188)

where £ and ¢ prop respectively, are coefficients of power utilization by the main rotor and
propelier.

We assume the & prop coefficient equal to 0.98 and determine the coefficient £ in accor-
dance with Subsection 2.4.10.

2.6.12 Relationship Between Engine Power Used in Long-Range Flight and
Takeoff Engine Power. Determination of Powerplant Weight

Usually, the engine power used in cruise as determined at an altitude of H = 500m
standard, represents about 60 percent of the takeoff engine power. We shall assume that the
compound helicopter begins a long-range flight at normal gross weight and at higher power,
closer to normal rated power, equal to

WY

ang.in:)

vey = 0TNeo

where (N,,,g. ,-,,,)Vc’ is the compound helicopter engine power required for flight at the cruise
speed at which it begins long-range flight with the normal gross weight.

Consequently, the takeoff engine power corresponding to that required for flight at
cruise speed with the normal gross weight can be determined as

Neo = Weng.ins), 10.7. {2.189)

t.o er

It was shown in Sect 2.4 that the level of helicopter takeoff engine power is usually
determined by the necessity for ensuring either flight at the service ceiling at continuous engine
power or hovering at the prescribed altitude.

For pure transport helicopters and compound helicopters intended for flight at high
speeds as indicated by some prescribed cruise speed, the takeoff engine power will be determined
by the power required for flight at this cruise speed in accordance with Eq (2.189).

For the side-by-side compound helicopter examined below, this speed is V,, = 350
km/h. For the single-rotor compound helicopter, V,, = 380 km/h because of the lower drag
of the nonlifting elements and lower wing drag.



2.6.13 Power Transmitted by Main Gearboxes to the Main Rotor in Steady
Cruise Flight. Possibility of Reducing Main Gearbox Weight of Compound
Helicopters

The design power for which the compound helicopter main gearboxes are designed
is the power required for hover at the specified altitude, H,,.

This is a short-term operating condition, and its duration is usually taken at 10 percent
of the overall gearbox service life. Therefore, in steady long-range flight, lower power will be
transmitted through the main gearboxes. We assume that this power will be no higher than

Nm.eyg, = 0.7 W p)p- (2.190)

Ve

This constraint must be considered in selecting the optimal power distribution between
the main rotor and the propulisor.

It sometimes happens that the compound helicopter configuration permits reduction of
main gearbox weight because of the rotor unloading in level flight. This weight saving can be
achieved if one assumes that the duration of hover, which is the most strenuous regime for the
main gearbox, is shorter for the compound than for the pure helicopter. However, if we con-
sider that the compound helicopter is a vertical takeoff vehicle (just as the pure helicopter) and
the percentage of flights in the hover regime is the same for both aircraft; i.e., at most, about 10
percent of the operating time, then it is not difficult to find that for a design service life on the
order of 3000 hours, even the slowest rotating gear in the main gearbox (regardless of the gear-
box configuration, but under the condition that this gear has no less than four engagement
points), the number of tooth loading cycles in the hover regime alone would exceed N = 107,
Therefore, hovering becomes the design condition for both pure and compound helicopters,
and for the same duration of operation in hover, it is not possible to reduce the gearbox weight
in spite of unloading the rotor in other, less critical, regimes.

2.6.14 Parasite Drag of Compound Helicopter Nonlifting Elements

With an increase in the flight speed of the compound helicopter, it is particularly im-
portant to reduce the parasite drag of the nonlifting elements as much as possible. There are
definite difficulties in accomplishing this task, especially for transport compound helicopters.

Table 2.12 shows the typical ¢S values of the components of some previously examined
helicopters, and the possible corresponding c, S values for the single-rotor and side-by-side com-
pound helicopters which have been streamlined as much as possible.

Here, we assume that the landing gear of the single-rotor compound helicopter can be
retracted into special pods which form part of the fuselage. We shall consider the drag of these
pods to be included in the fuselage drag. For the side-by-side rotor compound helicopter, re-
traction of the landing gear is very difficult because of the necessity for a wide track (see Fig
2.92). Therefore, for this configuration, we examine only the possibility of reducing the landing
gear drag with the aid of fairings.

The use of retracting landing gear for the single-rotor compound helicopter and fairings
for the side-by-side rotor version leads to an increase in the gear weight. Therefore, considering
the difference in the gear weights for the various helicopter configurations (see Subsection
2.2.18), in the calculations, we take (k). = 0.03 and (k;g) , . = 0.035.
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HELICOPTER COMPOUND
AIRCRAFT COMPONENT SINGLE-ROTOR TANDEM SINGLE-ROTOR | SIDE-BY-SIDE
AIRFRAME:
FUSELAGE 26 1.8 26 15
FRONT PYLON - 0.45 - -
AFT PYLON 05 065 05 03
FIN, NACELLE STABILIZER - - 02 03
AIRFRAME AS A WHOLE 3.0 29 3.2 2.1
LANDING GEAR & TAIL SKID 1.8 2.0 RETRACTABLE FAIRED 1.5
LIFTING-ROTOR HUBS WITH
SWASHPLATES & TAIL-ROTOR 1.6+0.3 3.0 154+0.3 2.8
HUB
OTHER COMPONENTS 02 02 02 02
z 6.8 8.1 5.2 6.6
¢xS. INCLUDING INTER- 76 896 5.7 7.2
INTERFERENCE

TABLE 2.12 TYPICAL PARASITE VALUES, €xSinm?3, OF NONLIFTING ELEMENTS OF PURE
AND COMPOUND HELICOPTERS WITH 52—-TON GROSS WEIGHT

2.6.15 Load Transported by the Side-by-Side Rotor Compound Helicopters

with Propellers

We shall examine the results of analysis of the side-by-side rotor compound helicopter
with a takeoff weight of 52 tons, whose configuration is shown in Fig 2.92. This compound
helicopter has the same weight efficiency as previously adopted for pure helicopters, with the
weight coefficients shown in Table 2.10 (except for the coefficient &, g+ which was discussed in
Subsection 2.6.14).

For calculation of the main-rotor aerodynamic characteristics, we use the coefficients
shown in Figs 2.94 to 2.97 with suitable scaling of the coefficients to the required different
main-rotor solidity. For selection of the optimal parameters of the compound helicopter de-
signed for a particular cruise speed we calculate the cargo weight (payload) transported by the
vehicle for various values of T , and a,, .. For each combination of these parameters, we
select the optimal propeller parameters examlmng three propeller blade aspect ratios, ) prop =
4, 6, and 8, and the values of t,,,, noted in Fig 2.102. Here, we introduce a configurational
constraint restricting propeller diameters to d = 4.2m (see Fig 2.92).

When calculating the fuel weight required for flight over the specified range, we shall
consider that as fuel is consumed, and the compound helicopter flight weight decreases, the
wing lift also decreases, while the main-rotor lift remains unchanged. We make the calculations
only for a range of L =800 km.
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For the sake of comparing compound and pure helicopters, the cargo weight carried by
the compound at a cruise speed of V., = 260 km/h is shown in Fig 2.106. The curves are
plotted for the four a,, , angles-of-attack with different distributions between the main rotor
and the wing up to the value of fm_, at which the propeller thrust Tpmp = (. These values of
T ., @re also true for the side-by-side helicopter with a wing. The cargo weight transported by
this helicopter is somewhat higher than the values obtained earlier for the trussed side-by-side
helicopter, since here we have taken a somewhat higher thrust coefficient of t,, = 0.18 instead
of t,, = 0.171 for the helicopter. This makes the main rotor lighter, but introduces definite
limitations on the flight speed as a function of altitude because of earlier main-rotor biade stall.
In addition, we have assumed considerably lower parasite drag of the nonlifting elements of the
helicopter with a wing.

Gp./: kﬂ
WINGED HELICOPTER
A
N //, "
11000 -—4°
23 > zam.r
Oy = _120\/p/ / 2.9
10600 / Figure 2.106 The cargo weight transported
: over 800 km by a side-by-side compound
3.5
/ / 3.3 35 helicopter of Gy, = 52 tons at & cruise speed
10200 = 1 of Ve, = 260 km is shown s a function of
U p= —8 \L/ 3.8 x Tm.r for verious angles-of-attack O, . In all
3.4 A4 cases, Aprop = 6, and tprop = 0.164.
//4 /42 ap =0
]
9800 / /4 A Yas prop l 29
Jc./o 1 //
[/}
9400 4.7
1/ 9prop = 4.5
v
1 -
Jprop =4 3'1/
0 0.2 04 0.6 08 T
dprop = 4.9 : Tm-’

As we would expect, it follows from these curves that for a cruise speed of Ver = 260
km/hr, the pure helicopter is always superior to the compound.

Figure 2.107 shows the same curves for the compound helicopter with a cruise speed of
Ver = 350-km/h. The points corresponding to the side-by-side helicopter with a wing are also
indicated on these curves. We see that for the cruise speed of 350 km/h, the pure helicopter at
o —72°, and the compound helicopter at o, , = —8°, are capable of transporting approxi-
mately the same loads. Consequently, these configurations are equivalent in regard to this
parameter. However, the compound helicopter has more favorable main-rotor operating regimes
(lower negative values of a,, ,), which facilitates trimming, but because of the presence of the
propeller, it is a more complex aircraft.

Figure 2.108 shows the cargo weights transported by the side-by-side compound heli-
copter as a function of lift distribution between the main rotor and wing for various given

164



Gp.1. kg

Winged Helicgter
9800 p—
L_am.r-—lz"\\/z/s)/\‘l’ﬁ o, -
: )ﬁrop"'s 3, 1— R
Figure 2.107 The cargo weight torop = 0.164 / /4 7 Norop=6
transported over 800 km at a cruising 8400 3.9 torop = 0.164
speed of Vg, = 350 kmm by the 3-5) 4.2 7 J-.
side-by-side Ggr = 52 ton com- 4.2 < s I
pound helicopter Is shown as & /) 4.5 / %m.r dprop=3.5
function of Tpy , for various rotor 9000 F 7 )vrop-4
angles-of-attack, Oy p .2 4. 8y torop = 0.164
"7 Winged' Helicopter
8600 II/ 4 ]
g %prop=5.1 | 4 398
49 | 4/"4/“"’-"”\“
8200 |- dprop = 5.2 Norop =4 —*
|| [/ 42 | throp=0.175 |
052 / 04 0.6 08 T,,
dprop =43

Sp.1. ko O, = —8°
o T
)\_orop =65 l
5400 /44 Yrop = 0.175 =
Onr=12¢ J ! V4.2

P 44 IL .. —\tpfop'a 175
4600 o q’m,r_'0°~
// tprop =0.207
> 3
y Y am
4200 4
, 4.3 I\
4 ,/ 4 2\
dprop -4.l’r
A4.4
3800 /£
/ 4.17
E dprop ""1'.5'
0 0.2 0.4 0.6 08 T"m ’

Figure 2.108 Cargo weight transported over 800 km at
@ crulsing speed of 400 km/h by side by-side G,, =52
ton compound helicopter is shown as a function of Tp, ,
for various rotor angles-of-attack &, ,.

main-rotor angles-of-attack at the cruise
speed of V,, =400 km/h. We see from
these curves that with account for the
constraint of (dp,0p),,,, = 42m, the
optimal parameters associated with this
flight speed will be

T =057 and a,, ,=-8°.

At a cruise speed of V,, = 400
km/h, the helicopter regime of flight is
not possible for the aircraft with the
considered parameters. However, it can
be seen from Fig 2.108 that the cargo
weight which can be carried by the op-
timal variant of the compound helicop-
ter decreases quite markedly.

We see from Fig 2.109 that for a
cruise speed of 450 km/hr, the cargo
weight which can be transported be-
comes negative.

The data for the optimal side-
by-side pure and compound helicop-
ter variants are shown in Tables 2.13
and 2.14.
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Gp.,, kg

SINGLE-ROTOR INCELE-R )TOR
_ICOPTER
HEICOPTE | WITH WING
15000 <4 WITHOUT 10% FOR
\ —t -/..7 A - OVERWElGHT
. ¢ -
Figure 2.109 Cargo weight transported — < \s|NGLE-ROT OR
over 800 km by optimal veriants of "‘*'tv\ 'COMPOUND
62-ton gross weight pure and compound ‘RUSS-TYPE N T hA
helicopter Is shown as a function of 10000 SII%;;BY-SIDE H \‘ ‘\\\ R
cruising speed / B DEBCSIDE 1\ N AN
HELICOPTER N
WITH WING N\
| B — A
5000 [FANDEM .
HE(ICOPTER ‘\
"~ SIDE-BY-SIDF \
COMPOUND
o Y——Zm 5z 360 400 4
Ver. km/h
SIDE-BY-SIDE HELICOPTER AND COMPOUND
DESIGNED FOR CRUISE SPEED, V,,, km/mh
PARAMETER WINGED HELICOPTER COMPOUND
260 350 350 400 450
Dm.r.m 23.1 23.1 23.1 23.6 25.1
Toor 0.575 0.600 0.600 0.565 0.400
T, kg —~2000 —2850 -1670 -1200 -3
Xyg. kg 1140 1380 1388 1750 2510
Qpar. kg 2235 4050 4050 5290 6690
Tprop. kg - - 2190 4730 9300
)\prop - - 6 6 4
Iprop - - 0.164 0.175 0.225
dprop, m - - 3.0 4.20 4.20
Nprop - - 0.863 0.873 0.818
INm.rly,,. hp 8420 15580 11510 12980 10250
(Neng.inseo 25110 25110 25120 31820 43750
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WEIGHT, IN KG, OF COMPONENTS OF HELICOPTERS
AND COMPOUNDS DESIGNED FOR CRUISE SPEED OF
Vcr' km/m
HELICOPTER & COMPOUND
ENT
cowanawrs [ e T oo
260 350 350 400 450

AIRFRAME WITH FUSELAGE WITH
EQUIPMENT EMPENNAGE 4190 4190 4190 4190 4190

COWLINGS 980 980 980 1140 1400

WING 3310 3310 3330 3350 3350

LANDING GEAR 1820 1820 1820 1820 1820

EQUIPMENT 3290 3290 3290 3330 3500

z 13590 | 13590 | 13510 | 13830 14270
LIFTING ROTORS WITH| BLADES 2000 2000 2000 2130 2610
CONTROLS HUBS 2090 2090 2090 2080 2070

CONTROLS 1460 1460 1460 1530 1760

z 5550 5560 5550 5710 6440
MAIN GEARBOXES MAIN GEARBOXES 4710 4710 4710 4800 5070
WITH SYNCHRONIZING| synC SHAFT AND
TRANSMISSION INTERMEDIATE 1110 1110 1110 1240 1430

GEARBOXES ‘

z 6820 | 5820 5820 6040 6500
POWERPLANT POWERPLANT
INSTALLATION INSTALLATION 3590 3690 3590 4550 6260
WITH FUEL FUEL SYSTEM 750 850 830 990 1210
SYSTEM z 4340 4440 4420 5540 7470
PROPELLERS BLADES - -~ 150 340 580

HUBS - - 130 240 580

PROPELLER

GEARBOXES - - 160 390 770

z - - 440 970 1930
10% RESERYE FOR OVERWEIGHT 2930 2940 2980 3210 3660
STRUCTURE W/OVERWEIGHT RESERVE 32230 | 32340 | 32820 | 35330 40270
FUEL FOR 800 KM RANGE 8290 9480 9170 | 14020 13490
CREW 360 360 360 360 360
CARGO TRANSPORTED OVER 800-KM DISTANCE| 11120 9820 9650 5290 -2110

TABLE 2.14 COMPARABLE WEIGHTS OF OPTIMAL SIDE-BY-SIDE, PURE,
AND COMPOUND HELICOPTER VARIANTS WITH 52-TON TAKEOFF
WEIGHT, DESIGNED FOR DIFFERENT CRUISING SPEEDS
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These data can be used to clarify the reasons for the nature of the variation of the cargo
weight {(payload) which can be carried by the compound helicopter as a function of cruise
speed. These reasons are as follows:

® With increase in the cruise flight speed, the required engine power increases; conse-
quently, the powerplant weight also increases, as well as the weight of the cowlings and
intermediate synchronizing transmission gearboxes designed, in this case, for failure of
one engine whose power becomes higher as flight speed increases;

e The fuel consumption per kilometer increases; consequently, the fuel supply required
for a given range and the fuel system weight increases;

e The required thrust and power of propellers increase; therefore, their weight goes up, as
well as that of the reduction gearing:

e Because of the necessity for maintaining low main-rotor tip speed at high-speed flight
and a corresponding decrease of tip speed in hover, it is necessary to increase the main-
rotor solidity which causes the main-rotor blade weight to also increase. Because of the
increased blade chord, the blade pitching moments increase and the blade control system
weight goes up. With reduction of the tip speed, the main-rotor torque required in hover
increases, resulting in a higher main gearbox weight.

It is clear that the previously-obtained results apply only to compound helicopters with
the component weight efficiencies assumed in the present calculations. At a higher level of
weight efficiency, the cargo weight which can be carried by compound helicopters designed for
the considered cruise speeds can be increased. Such a possibility is shown in Fig 2.109, where
the 10-percent margin for structural weight growth was eliminated. However, this could apply
equally well to pure helicopters. Therefore, there is no qualitative change in the presented data
comparing the cargo weights which can be carried by both pure and compound helicopters.

2.6.16 Determination of Cargo Weight Transported by a Single-Rotor Compound
and Comparison of Single-Rotor and Side-by-Side Rotor Compound Heli-
copters With Respect to This Parameter

We mentioned previously that the transport compound helicopter developed on the basis
of the lightest single-rotor pure helicopter is the most favorable with regard to the cargo weight
that can be carried. :

In developing the single-rotor compound helicopter, no problem arises from avoidance of
“’ground-resonance-type’’ oscillation in the air. Consequently, there is no necessity to addition-
ally increase the wing stiffness. By contrast, in the case of the side-by-side compound helicopter,
as we have shown before, it is necessary to increase the wing transverse dimensions, the wing
area, and thus, the wing weight.

Therefore, the single-rotor compound helicopter wing area can be selected to achieve
maximum wing L/D, which leads to a reduction in the propeller thrust and power required,
installed engine power, and in the final analysis, reduction in the structural weight and fuel
supply needed for the aircraft to cover a given range.

Calculations show that the wing-lift coefficient at cruise speed should be no higher than
cy = 0.55. With this value of ¢, the compound helicopter can be flown at lower speeds, as well
as at the specified altitudes without encounte_ring wing stall. With wing aspect ratio A4 = 6 to
7, and wing-root relative airfoil thickness of 7 =0.15, the wing L/D of Ko = 27 to 25 can be
obtained without accounting for interference with the main rotor.
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The configuration with two propellers and
engines mounted on the wing as close as possi-
ble to the fuselage (see Fig 2.91) is best for the

Y 1 single-rotor cargo transport compound heli-
r copter.

HELICOPTER { In this case, the powerplants and propel-
WITH WINGF 25 lers do not significantly increase the weight of
11000 \ S 7 ,‘73"} the wing since the aerodynamic forces on the

46

Gp.l ’ ky

» wing lead to higher loads in the wing elements

2 {o0 |, = P than those from the powerplant and propeller.
\ / 4 e However, certain difficulties may arise in de-
\ 2% / veloping the transmission because of the limi-
33}

10000
/‘/ tations with respect to the power which can be
/{( .'5, transmitted by a single-bevel gear pair. There-
a

fore, in consideration of power required in
X =8 hover by the compound helicopters discussed
below with a gross weight of Gy, = 52 tons,
the power from each powerplant must be
Ny = —12° transmitted to the main gearbox through two
8000 drive shafts for each engine, and two corre-
{ 04 sponding intermediate bevel gearboxes.

%_2 — 0.6 08 T, Use of an inverted-V wing makes it possi-
dorop = 414 dprop = 4.9 " - ble to increase somewhat the maximum allow-
: able propeller diameter in comparison with the

Figure 2.110 Cargo weight transported 800 km side-by-side rotor compound helicopter. We
at & cruise speed of 350 km/h by a 52-ton single-  Shall assume this diameter to be (dprop)max =
rotor helicopter is shown as a function of verious 5m.

Tm.r @nd main-rotor angles-of-attack Oy ; (in all Using the same approach as in Subsection
cases, Norop 8ppearsd as optimal). 2.6.16, we obtain the cargo weight carried by

the single-rotor compound helicopter of the
same design cruise speed for a range of 800 km.

Figure 2.110 shows the cargo weight which can be carried by such a compound heli-
copter at a cruise speed of V. = 350 km/h. The maximum useful load is obtained with rela-
tive main-rotor thrust 7,, , = 0.8. The differences in the magnitude of the cargo weight carried
by tﬂe helicopter with a wing and by the compound helicopter are very small. With reduction
of Tpm... the wing lift and consequently, the wing area and weight increase, the required pro-
peller thrust i_ncreases, and_ the cargo weight which can be transported decreases very markedly.
Increase of T, , above T, , = 0.8 is also unfavorable because of deterioration of the main-
rotor aerodynamic characteristics associated with the approach to blade stall. The optimal rotor
angles-of-attack are of the order of @, , = —4°to —6°

Figure 2.111 shows the useful loads (payload) which can be transported by the single-
rotor compound helicopter at the cruise speed of V., = 400 km/h. The useful load decreases
significantly at this cruise speed; however, not as markedly as for the side-by-side compound
helicopter. Unloading of the main rotor corresponding to 7., = 0.65 at an angle-of-attack of
about a,, , = ~4°, is optimal. At this speed, the pure helicopter regime of flight cannot be
realized for the considered compound helicopter parameters.

At the cruise speed of 450 km/h, the cargo weight carried by the single-rotor compound
helicopter (Fig 2.112) decreases still further. However, in contrast to the side-by-side com-
pound helicopter, this weight is still positive.

9000

45
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Figure 2.111 Cargo weight transported over 800
km at cruise speed of Vo, = 400 km/h by a single-
rotor compound helicopter of Gg, = 52 tons is
shown as & function of Ty, , for various main-rotor
angle-of-attack values.

Gp.1. kg
‘rxm.r = '0'4° !
prop = 0.175
4000 5’{\-5{ Aorop = 6
s’ —~ 150 p’op|
505;{5,”5 \ amr=0 }
// 50\ torop = 0.207
3000 L_j42 \ Aorop = 6
; ¥ Iso \
prop = 5.15 ap, , = —8° \
/A tprop =0.175
Aprop = 6
o voz 04 06 08 7,

Figure 2.112 Cargo weight traniporte. uver 800
km at a cruise speed of 450 km/h by a single-rotor
compound helicopter of G,, = 52 ton is shown as &
function of Ty, , for various main-rotor angle-of-
attack velues.

The optimal regime of flight corresponds to unloading of the main rotor equal to Tm., =
0.45 10 0.5, and angles-of-attack near &, , = —4".
The data for the optimal variants of the single-rotor compound helicopter is presented

in Tables 2.15 and 2.16.

COMPOUND WITH CRUISE SPEED.
PARAMETERS Ver, km/m

350 400 | 450
Dm.r.m 31.2 319 339
Tm.r. kg 0.80 0.65 0.475
Ty kg —~1860 -610 900
Xwg kg 410 720 1080
Swg m? 336 45 53.4
Qpar, kg 3200 4190 5300
Torop. k9 2100 4620 7520
)\prop 8 8 6
torop 0.175 0.150 0.175
dprop. M 3.0 5.0 5.15
Norop 0.86 0.91 0.89
(Nm.rly,, hp 11080 10180 8300
(Neng.inst)y. o 16350 27360 33920

TABLE 2.15 BASIC PARAMETERS OF OPTIMAL SINGLE—ROTOR COMPOUND HELICOPTER
VARIANTS WITH §2-TON TAKEOFF WEIGHT, DESIGNED FOR VARIOUS CRUISE SPEEDS
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Component weight in kg, of compound
designed for cruise speed Vo, , km/h

COMPOUND COMPONENT
350 400 450
Airframe with Fuselage with empennage & cowlings 5090 5130 6240
Equipment Wing 820 1310 1920
Landing Gear 1560 1660 1660
Equipment 2760 2790 2920
z 10220 10820 11640
Lifting rotor Blades 2630 2810 3180
with Controls Hub 2560 2570 2600
Controls 13560 1430 1720
> 6540 6810 7800
Transmission Main Gearbox, engine gearboxes,
and connecting shafts 4840 4980 5280
Tail-Rotor Shaft, intermediate
snd tail-rotor gearbox 880 900 950
z 5720 5880 6230
Powerplant instaila- Powerplant installation 3770 3910 4850
tion with fuel system| Fuel system 840 860 950
z 4610 4770 5800
Teil Rotor Blades 216 236 300
Hub 440 440 475
z 665 675 775
Propeliers Blades 110 340 515
Hubs 80 200 355
Propeller Gesrboxes 140 420 700
z 330 960 1600
10% margin for structursi overweight 2805 2980 3385
Structure with overweight margin 30880 32905 37230
Fuel for 800-km range 9380 9565 10440
Crew 360 360 360
Cargo transported over 800 km 11380 9170 3970

TABLE 2.16 COMPARATIVE WEIGHT DATA FOR OPTIMAL SINGLE-ROTOR HELICOPTER
VARIANTS WITH 52-TON TAKEOFF WEIGHT’ DESIGNED FOR VARIOUS CRUISE SPEEDS
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From a comparison of compounds with winged helicopters of the single-rotor and side-
by-side types (Fig 2.109), we see that the single-rotor configurations are better with respect to
the cargo weight that can be carried. The superiority of this configuration shows up more
strongly with an increase of the cruise flight speed.

2.6.17 Comparison of Pure and Compound Helicopters With Respect to
Flight Productivity

From the previous discussion it can be seen that the cargo weight that can be transported
by the compound helicopter decreases with increase of the cruising-flight speed. However, it is
also of interest to investigate how the compound helicopter flight productivity varies in this
case.

We find the flight productivity from the formula

Mo, = GpyVp _ (2.191)

where Vj, is the block speed.
The value of V} can be found from the formula

Vy = 11l/L) + (1/Ve)] (2.192)

- where 7 = time expended in check-
p.1. ton-km/h out hover, and maneuvering prior
SINGLE-ROTOR s'“ﬁ,‘ﬁ-‘fﬁﬂﬁgﬁ HELICOPTER | to takeoff and landing, as we?l as on
HELICOPTER o B e %'33,%5;',‘33 OR the ground with the engine running.
*/ /_1\ ﬁ\ In addition, the quantity 7 also

2000 - ] N includes the additional time loss in
,(5/ ! \ \ climb and. descent because the
Tséagéa_;f;(splg e \ flight speed corresponding to those
HELICOPTER HséuEég:'Tség \ regimes are lower than the cruise

2000 5 ANDEM L WITH WING speed. For civil compound helicop-
HELICOPTER I ) \ ters, we can take 7= 0.78 hr; and
SIDEBYSIDE \ L = the considered flight distance.

COMPOUND Figure 2.113 shows the flight

helicopters having a gross weight of
Ggr = 52 tons, capable of trans-
porting the cargo weight shown in
oL‘/\ 280 320 360 400 V,,, km/h Fig 2.100.
We see from this figure that in
Figure 2.113 Dependence of flight productivity on cruise speed the side-by-side configuration of
for optimal variants of 52-ton gross-weight, single-rator and side- cargo transports, both compounds
by -side pure and compound helicopters. and pure helicopters with a wing,
and constructed at the same weight
efficiency level as the pure helicopters examined previously in Sect 2.4, will have a maximum
flight productivity at cruise speeds on the order of 330 to 360 km/h, while the same aircraft in
the single-rotor configuration have maximum productivity at a cruise speed of 350 to 370
km/h. Both the compound and pure helicopters with wings will have approximately the same
maximum flight productivity, although tie winged helicopter is less favorable in regard to
center-of-gravity travel.

1000 \ productivity of pure and compound
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The flight productivity of the transport compound helicopter decreases at high cruise
speeds because of the reduction in the cargo weight that can be carried.

The single-rotor transport configuration, as represented by the pure winged and com-
pound helicopters will, at the same cruise speed, have higher productivity than the side-by-side
rotor types, thanks to the larger cargo weight that can be carried.

At a cruise speed of V., = 260 km/h, the side-by-side pure and compound helicopters
with wings are somewhat inferior in maximum productivity when compared with the single-
rotor helicopter without a wing.

The single-rotor compound helicopter has about 12 percent higher maximum produc-
tivity than the single-rotor helicopter without a wing at a cruise speed of V., = 260 km/h.
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ANALYSIS OF WEIGHT—CONTRIBUTING
STRUCTURE AND CALCULATIONS OF
STRUCTURAL-TECHNOLOGICAL WEIGHT OF
LIFTING-ROTOR BLADES

3.1 Some Relations Concerning Blade Weight

Blade design includes fulfillment of many different requirements which are conveniently
divided into the following groups.

1. Deslgn strength requirements which involve taking all possible measures during blade
design and fabrication to avoid stress concentrations in the structural elements of the blade so
that the dynamic (fatigue) strength of the structure will be adequate for reliable operation
throughout the service life of the blade. In addition, all possible measures must be taken to re-
duce the alternating stresses in the structure to an acceptable level. The blade spar must also
satisfy the static strength requirements which will be discussed later in more detail.

2. Operatlonal requirements are represented by a reliable protection of blade structure
against damage incurred during operation. Also included are provisions for easy repair of any
damage that may occur, and a warning system which must be activated at the beginning of
blade structural element failure resuiting from either operational damage or because of unde-
tected manufacturing defects.

3. Requirements related to the assurance of normal main-rotor operation. The main-
rotor blade must be designed so that in all the permitted flight regimes, there is the required
margin of safety with respect to the occurrence of any type of instability (all flutter modes,
divergences reaching large amplitudes of oscillations because of flow separation which are some-
times related to stall flutter, and so on). This margin must be such that the forced oscillation
amplitudes do not increase because of proximity to any of these instability modes. Blade de-
formations, particularly torsional ones, must not increase so as to lead to deterioration of rotor
aerodynamics (earlier flow separation, marked increase in the required power), or trim and con-
troliability of the halicopter.

While the first two groups of requirements are quite clear and the approaches to their
satisfaction are well known, it is not possible, because of imperfect analytical methods, to guar-
entee that a new blade design will meet all the requirements of the third group, even if all the
necessary structural changes resulting from the calculations are incorporated. Final verifica-
tion of satisfaction of this group of requirements can be accomplished only in the process of
flight tests where dangerous phenomena that were not foreseen in the design often show up.

In order to eliminate, in practice, all unforeseen deviations from normal operation, it is
necessary to either alter the blade stiffness—most often, to increase the blade torsional rigidity;
or incorporate, into the blade, additional weight in the form of ballast which does not carry any
other functional load. Therefore, the blade weight determined during design often increases
after flight tests, in the process of ‘‘debugging”.

In this connection, it is convenient to introduce concepts of blade structural-technological
weight, and blade weight required to ensure regular {dynamically undisturbed) operation of the
main rotor.

The improvements in blade technology and construction, and the appearance of new and
stronger materials and strength-increasing processes make it possible to more-and-more reduce
the blade structural-technological weight, while still ensuring the required strength under the
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larger alternating stresses which arise; for example, with incresase in the blade mass character-
istic 7,. However, this weight reduction encounters difficulties resulting from the requirement
of assuring regular operation of the lifting rotor.

Blade development experience shows that a large part of the phenomena which limit
regular operation of the main rotor can be eliminated quite easily in the case of relatively
heavy blades when the blade mass characteristic is not higher than v, = 4, and with much
greater difficulty when the blades are relatively lighter;i.e., v, =6 to 7.

It should be noted that it is easier to reduce the structural technological weight of blades
with large dimensions and thus, obtain blades with high mass characteristics, but the same is not
true for small blades. While for blades of large diameter rotors, the structural-technological
limitations do not prevent the development of blades with v, = 7; for small-diameter main-
rotor blades, the minimum achievable blade weight is such that their mass characteristic is
Yo < 3..4.

Consequently, in order to reduce the weight of small-diameter blades, it is necessary
to primarily solve the structural-technological problem, while achievement of large-diameter
blade reduction lies in solving the problem of ensuring regular main-rotor operation with
blades having a mass characteristic on the order of v, = 7.

The gap between the minimal feasible blade weight and the blade weight required for
regular operation becomes wider and wider for large-diameter rotors, and the weight “‘saved’’
in design does not result in lightening the structure, but rather leads to the application of
ballast in the form of various weights and counter-weights, or increase of the blade structural
element cross-section area above the values required by the strength considerations.

Therefore, attempts to reduce blade weight must be carried out in two directions.
On the one hand, means must be found which would make it possible to achieve regular opera-
tion of a main rotor with light-weight blades; on the other hand, work must be continued on
further reduction of the structural technological weight. All the measures taken to eliminate
instability, which forces the designer to make the blade heavier than its required weight must
not ‘“‘cool’’ his ardor in the drive to achieve the minimal feasible structural-technological blade
weight. Work in this direction must be continued regardiess of the difficulties encountered in
the application of its results. '

In the present chapter, we shall present only the method for evaluating the minimal
feasible structural-technological blade weight, and some results of the application of this method
(means for ensuring regular main-rotor operation and evaluation of the resulting blade weight
increases will not be examined).

3.1.1 Static-Strength Requirements

Among the many conditions dictated by blade strength, two very important require-
ments must be satisfied which, by convention, we will call the static-strength requirements.

The blade must be so designed that stresses 0, , occurring in the spar due to centrifugal
forces at the selected operational values of ny, ., and g,,,, from bending by the blades own
weight are within allowable limits; i.e., so that

Oc.f < (oc.f),;/ (3.1)
and
Obend < (Opendlay- (3.2)
Satisfaction of these conditions, and especiaily those given by Eq (3.1) is also necessary
in order to ensure blade dynamic (fatigue} strength and operational life; but no less important
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is the fact that the level of those allowable stresses depends on the maximum nonrecurring
stress which determines the required blade static strength. Therefore, the selected vaiues of
(0¢.£)g 8nd (Openaly Must ensure spar strength during main-rotor overspeed and when the
blade contacts the droop stop (Case 1I-h of the Helicopter Airworthiness Standards) although,
in the latter case, it is also necessary to satisfy conditions of prevention of the loss of spar static
stability. .

The static-strength requirements lead to a division of the blade into three segments along
the length, differing in nature of the loading from centrifugal force and blade weight. These are.
the ballast segment at the blade tip, the middie fail-segment with corresponding allowable ten-
sile stresses, and the root augmented-weight segment where additional structural weight is
acquired because of the high blade-weight bending moments which predominate when the
blade aspect ratios exceed some definite values.

We shall consider the weight of a blade which satisfies the first two groups of require-
ments presented in Sect 3.1, including the static-strength requirements, as minimal achievable
blade weight.

Determining this weight from the sum of the weights of the three aforementioned seg-
ments, we can find the minimal realizable weight as a function of the various blade parameters.
The solution of this problem is the basic objective of this chapter.

3.1.2 Assumptions

We shall examine an idealized, but quite realistic, blade scheme. For simplicity, we will
consider that the blade is rectangular in planform. All the blade structural elements other than
the spar will arbitrarily be considered part of the envelope, assuming that the counterweight is
also an element of the envelope (Fig 3.1).

Figure 3.1 Blade scheme with tubular steel spar and glass-plastic envelope: (1) abrasion strip,
{2) heating element protective strip, (3) heating element of the anti-icing system, (4} leading-
edge skin, (5§) compensators, (6) plastic-foam filler, (7) aft-section skin, (8) aft-section skin
reinforcement, (9) rib, (10} honeycomb filler, and (11) inter-box insert
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We assume that the loads acting on the blade are taken only by the spar. We shall con-
sider the running weight q,,, of the blade envelope to be constant along the blade length. In
reality, the envelope running weight usually decreases somewhat toward the root. But, in most
cases, this has practically no effect on the spar section dimensions and still less influence on the

weight of the blade.

However, if a heavy counterweight with correspondingly higher running weight is located
only in the tip part of the blade, this idealized blade scheme may lead to large errors. In this
case, the running weight of the counterweights should be distributed over a larger length of the

blade in the analysis.
3.1.3 Ballast Segment at the Blade Tip

In order to maintain the stresses from the

centrifugal forces at the constant allowable level, -

the spar section at the blade tip should be made so
that the area decreases to zero at 7= /. However,
for technological and manufacturing reasons, the
spar tip has constant section area over some length
and consequently, the running weight dspar is con-
stant (see Fig 3.2).

In this way, an additional so-called baliast

weight that is not dictated by spar strength require-

ments is introduced into the blade. With increasing
distance from the blade tip, the stresses from the
centrifugal forces also increase and become equal
to the aliowable stress at the relative radius 75,
which is determined from the formula

F, =1=(1-G,,)a (3.3)

where G,

env U
the blade tip segment: G,,, = q,,,/9x;

hspar} q - _
of\ hspar _
g N Aql — —j
o 1y 5[E
1 1 1T T w ic
T T T TIT IR o <1
o} ! qenv f
el A AN
cf | x
—1 10 Lq- ry r
ra
r
- R

Figure 3.2 Running weight, spar height, and
static stress as @& function of blade radius

a = 29/U}) o, g, 1]

For U, =220 m/s, the values of « are taken as follows: a =7.35 [(o, /)

v=1.6 kgfcm®] for glass-reinforced plastic.

We shall call the biade segment from 73 to 7 =7 the ballast segment. Should it be tech-

= ratio of the envelope running weight g,,, to the overall running weight gy at

(3.4)

nologically possible to reduce the spar-section area to zero at 7 =/ (5,,,, =), then the blade
ballast segment overweight would be reduced to zero.

3.1.4 Middle-Fail Segment of Blade with Steel Spar

The spar section area must increase from 7 =7, toward the blade root in order to main-

tain constant stresses from the centrifugal forces

Oc.r = (0q. ¢, = const.

If one would make special tests, increasing the main-rotor rotational speed far in excess
of its normal level, then the blade would fail within this segment. Therefore, this segment of the

blade can be termed the fail segment.

(3.5)
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The bending moment resulting from the weight of the blade itself also increases toward
the root. .

At radius 5, the bending stresses from the blade’s own weight become equal to the
allowable stresses (Opendl,,- If F3 > 7, then the value of 73 can be found from the formula

7o=1—VBsl1-G,,,). (3.6)

Here,
Bs = hesty (oband).///Rz’)' {3.7)

where
hesey = 2W3/Fs (3.8)

is the effective spar height; W; is the spar section resisting moment in the plane of action of the
blade-weight forces; F is the area of the spar section loaded by the tensile centrifugal forces.

For a blade having a steel spar, it is possible to increase the structural height of the spar
toward the root, beginning at radius 75 to satisfy the condition

Openad = \Obandley = const (3.9)

while the spar section area must be increased beginning only at the radius 7 to satisfy the con-
dition of Eq (3.5).

For the blade with extruded aluminum spar, an increase of the section resisting moment
W is possible only through an increase of its cross-section area F. Therefore, the nature of the
section variation of the blade with extruded spar will be different.

But even for the blade with a steel spar, the structural height of the spar cannot be in-
creased without limit. The maximum structural height at the root is determined by the diam-
eter of the original spar tube which, in the central and tip parts of the blade, is squeezed down
into an ellipse with the required structural height. The tube structural height must be such that
the relative blade airfoil thickness would not
exceed the magnitudes specified on the basis of

'-,h‘f’:'" Cairt aerodynamic considerations. Usually, the airfoil
0’20 I ["\ relative thickness is not increased above 10 .. 11
' \ percent of the chord starting at the blade station
oteb | AN Teh.con Marking the beginning of the airfoil
__I thickness constraint, to the blade tip, and is no
0a2pL =015 \\ Cairf = 10% higher than 20 percent of the chord in the root

=i
— N\ 7= 0.0¢ of the blade, up to a radius no larger than 7= 0.75.
008} | '—%‘: 2 ffr:a.0472 ! Between these points, the allowable airfoil section
: | . 7 height can vary linearly (Fig 3.3). These conditions

004} | F=0.5 I ¢ ) -3 )
—I"—__"" determine the spar height which, in the blade with
a steel spar and glass-plastic envelope, cannot be
larger than the relative thickness of the blade
airfoil section (in percentage) minus two percent.
We shall find the value of the relative blade

of (1] relative airfoil height Zeirf, 8nd (2) rela- rac'ii‘us 7, at which further increase !n the‘ structural
tive Bspan and effective hogy spar height for helgh't'toward the blade 'root for sat.nsfactuon of the
blades having steel-tube spars condition of Eq (3.9) is not possible because of
violation of the allowable airfoil-section height.
Down from this blade section, additional thickening of the spar walls is necessary to satisfy the

condition of Eq (3.9).
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The relative running blade weight increase Ag, = Ag,/qs as a consequence of an in-
crease in the spar section area between radii 7, and 7, (see Fig 3.2) can be determined for the
condition of Eq (3.5) from the following approximate formula

Aqy = [1-7? —all = G,, )/ la~ (/3G + 7P — 2771, (3.10)

obtained on the basis of the assumption that along the 7; to 7, segment, the running weight
varies linearly. This formula could be refined by introducing the running-weight variation law
corresponding exactly to the condition of Eq (3.5). However, calculations have shown that for
the accuracy required in blade weight estimates, there is no need for this.

From the condition that at the radius 7, , where running weight is {ge+ Aqy) and the
maximum allowable spar height is h‘P"n' the bending stress resulting from the blade’s own
weight must be equal to (0pepg),,,, and we obtain

By = W1 =7 + (1/3) 85,7/, +7, 110 + Ag, —G,,,). (3.11)
Here,
B = hetry IR Nopand) ,, 7 (3.12)

where hgr, = 2W, /F, is determined for the spar with height hepar, -
For the circular cylindrical tube with thin walls,

ety = dypar/2 (3.13)

where d,,, = spar tube outer diameter.
For actual wall thickness, we can take

Pott, = 0.950,p0,/2. (3.14)

The value of 8, can be related to the blade aspect ratio A.

We introduce the concept of the reduced blade aspect ratio R\, where R = R/ R, and
Ry =16m.

Then, -
R\ = (Fgffl /8, )/[(ab,,,d),,,/Rayl {3.15)

where

hett, = host,Ib. (3.16)

The allowable bending stresses from the biade's own weight can be determined from the
necessity for ensuring strength in case the blade strikes the flapping stop; i.e.,

(Obendlay = Otair!fo

where 0g,;, = bending stresses in the spar which lead to failure of the blade; f = 7.5 = safety
factor; & = coefficient expressing the maximum stress ratio when the blade strikes the stop to
the static stress corresponding to the blade’s own weight.

Since & depends on the blade parameters and the angle of blade elevation from which it
falls onto the stop, (0peng),) Will also be a variable quantity. However, to avoid overcompli-
cating the analysis, we shall assume that (0penaley = 26 kg/mm? for the steel-tube spar, and we
obtain

R\ = 208Ryts, 1B; -

Consequently, specifying various values of 7, and using Egs (3.10), (3.11).£nd (3.15),
we c€an obtain the reduced blade aspect ratio R\ as a function of ry for various G,,, values.
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Such relationships for the steel-tube-spar blade are shown in Fig 3.4. Taking several
integral values of the reduced blade aspect ratio, we can plot the radii 7, as a function of Geny
(Fig 3.5). The values of the radius 7, are also shown in this fiaure. -

RA /
. T /1
32 Geny =0 0.1 0..2/ 0304' G,,w-o,5
SRERESLRRl
28 /// pa // /)/ /607 1
/ env = 0.
26 // //// A ;, '
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Figure 3.4 Reduced aspect ratio R \ of a blade with tubuler steel spar
as a function of the length of the weight-augmented root segment
defined by the relstive radius 7y, is shown for various relative
blade-envelope weights G,
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We see from Fig 3.5 that for small
relative envelope weights CT,,", the value of
7, determined from Eq (3.3) may be smaller
than that of 7;; i.e., the middle blade
segment, just as the other segments, in other
cases may disappear. In this case, we must
set 7, = 7, and Ag, = 0in Egs (3.10) and
(3.11).

\\ \ \l \ [ Figure 3.5 Boundery locstions of ballast, middle fsil, and
weight-eugmented root ssgments as a function of the rela-
tive envelope weight of the outer segment of & blade with

! \\\]\ “ L. tubular steel spar



3.1.5 Fail-Segment of the Extruded-Spar Blade

The extruded-spar blade is characterized by the fact that the spar resisting moment can-
not be increased without changing the spar cross-section area, since the spar internal channel
contour is constant along the blade length because of the extrusion process. Therefore, for this
blade, the relative radius 73, at which one should begin to increase the section resisting moment
(without increasing the cross-section area), coincides with the relative radius 7, from which the
cross-section area begins to increase in order to ensure the required section resisting moment.

We shall examine the most general case, when the relative radius 7, determined by Eq
(3.3) is larger than the relative radius 7, .

In contrast with the steel-tube-spar blade, the value of the spar effective height hett,
at the radius r, is completely defined by the spar height h:mrz , the radius of inertia / of the
added spar area AF,, and the effective spar height h,”2 in the blade end segment.

hatt, = [(1 = Gyp Vhopr, + §2(1 + BAFL I8V hypar, ATy 11T = Gopy + AT + AF))]

{3.17)
where
£t = 2//hspar2 JAF, = AF, /htplfg b:pg, = q.AZ]-”
F 517 9* =G/ Yhspar, bepg,. (3.18)
09 ;: 2// Hefe, hspar, 8nd bgpa, respectively, are the
Z‘Z;/ Y : spar height_and width in the blade end seg-
08 4 é / ment, and by, = byp,,/ b. The value of g* is
/9 y / usually about 0.35 to 0.45.
;% % 7 Just as for the steel-spar blade, in order to
0.7 ;/ % A determine the boundary between the middie
;% %/ and root segments, we take various values of 7,
0.6 f,/,‘/ and then use Eqgs (3.10) and (3.11) to deter-
; i mine Ag, and §,.
4 From the obtained values of B and Ay, ,
05 % — we determine the reduced blade aspect ratio
4/2 i&“w from Ezq (3.15). Assuming that (U{nnd).// =8
0.4 = /' ) ‘;*—28—‘ kg/mm?* for the extruded Duralumir spar, we
/ \\\~.';§- obtain
Y
P P
N q o R\ = 185hes, 16, . (3.19)
0.2 A —~—~t s} = . .
: '/ % \\_w_ 1 The values of 7, for several integral values
\5 = . of reduced aspect ratios and dependence of
0.1 { \\ & L 7 e 74— the boundary segment position on the quantity
Z (AN - - Gepy for the blade with extruded Duralumin
| pwer<-—Fisd) spar are shown in Fig 3.6.
g 02 04 06 08 G, In comparing Figs 3.5 and 3.6, we should

G onv note that for the blade with extruded Duralumin

Figure 3.6 Location of boundaries of ballest, SPar, the thickened root segment appears for sig-
middie-fall, and reinforced root segments as & nificantly lower reduced aspect ratios RA=17/ to
function of relative envelope weight of the outer | 2

blade segment with extruded Duralumin spar
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In the particular case when 7, > 75, the middle fail segment for the extruded Duralumin
spar blade disappears and the blade will consist of only two segments—the ballast segment and
the thickened root segment.

3.1.6 Thickened Blade-Root Segment

The segment of the blade from its root end, located at the radius 7,, to the radius rywill
be termed the blade thickened root segment {see Fig 3.2).

" It follows from Fig 3.5 that the blade with a sufficiently high steel spar at the root
{bounded by the heights indicated in Fig 3.3) does not have the augmented root segment for
reduced aspect ratios up to RA=185t019.

The variation in the blade running weight in the augmented root segment is associated
with the increase in the wall thickness of the spar in accordance with the condition of Eq (3.9).
The relative running weight increase in the radius range from 7; to 7, (see Fig 3.2) can be de-
termined from the following approximate formula:

AG, = 247Gz, I8, [1 —(A7/36,)] (3.20)
where
AG, = Aqylqg; AT = 7 —F,; Gg, = Gg,/Rq, = 1 —F, + %43, —F). (3.21)
Here, Gg, is the combined weight of the fail and ballast segments of the blade.

For the steel spar blade, the value of 8, is calculated from the formula

Bo = (Petr,/RNN0penaann/RoY = 208hgs¢, /RN (3.22)

where h,ff is determined from the selected spar tube dimensions, while the reduced aspect
ratio RA has already been found from Eq (3.16).
For the extruded Duralumin spar blade, by analogy with Eq (3.17)}, we can write

~ (7 —Ggpy)hett, + s,’hm,, (71 + (1/26,) AF,1AG,
hetfy = — — (3.23)
(1- anv + Aqo)“ + AFo)

where h,zr, = the effective spar height at the relative radius 7, as determined from Eq (3.17);
and Agpy,, = the spar height at the same radius, hspar, = Nspar, (1 * AF,); and

AFo = ¢*Ag,. (3.24)

Eq (3.23)can be transformed to the form:

g = L Emm,_ + 3spar|[_7 + (7/251)AF01’A% (3.25)
(1 = Ggpy + AGo)1 + AF,)

If we theﬁ substitute §, into Eq (3. 20), we obtain a quite complex fourth-degree equation for
determining Ag, , and with certain refinements, the equation will be of an even higher degree.
This equation can be solved by successive approximations, setting AF = 0 in the first
approximation, and then in subsequent approximations, determine its value from the obtained
value of Ag,.
Then,
— -
Ag = A + A + 8 (3.26)

where
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A =-I 7 + AF.-; L — ]—Eanv B] (3.27)
2|7 + (1/26,)AF,1? Bypar, [1 + 1/28)AF,1? Bopyry
- ] + AF, L
8=1(-G,,,) 2— (3.28)
NI + (1/28,)AF,1? Bopyr, ,
In these expressions,
L 247 1 —F + %4q,(r, — 1)
= —] -7 r, —
7 (A71/3Bo) 1 g1\ 1
Bipar, = (6 hapar, /RN UOpanglyy/Ro7) (3.29)

where h‘m,l = h‘ﬁ"l/b'

In the process of successive approximations, it is advisableto also refine the coefficient
L, initially setting 8, = 0, and then refine f, using Eq (3.26)

In the particular case when 7, > 7, and the middle fail segment is absent, we can set
T2 =, and Ag, = 0 in these formulae.

The spar sections in the augmented root segment must satisfy Eq (3.9). In this case, the
stresses from the centrifugal forces fall below (o f),,, (see Fig 3.2).

3.1.7 Overall Weight of the Blade Plume

Representing the running weight variation along the blade length as shown in Fig 3.2,
and using the values of Ag, and Ag,, we can determine the weight of the blade plume from
the formula

Gy = Rigg, » (3.30)

where / is a function depending on the dimensionless parameters «, f,, B,, and 5,,,,:
I =1+ AGy AT + {7+ 87 16, 11 — (873801} 11 =7, + %43, (7, —F)]  (331)

If we introduce the concept of the blade weight per square meter of the blade outer-
segment area,

Gz = qg,/b. (3.32)
the blade plume weight can be represented in the form
Gp, = iggbR. {3.33)

Hence, it follows that / is th coefficient of average blade plume weight increase in com-
parison with the weight per square meter of its outer segment.

The values of / for various reduced aspect ratios of the steel-spar blade are shown in Fig
3.7.

It follows from Eq (3.33) that for a selected reduced aspect ratio, the blade weight is de-
termined by the weight per square meter of its outer part and the overall blade area.

183



i
16
14
1.2| R\=
n=

=
0.8
0.6

o2

0.4 f
0.2

0 01 02 03 04 05 06 07 08 09 Genv

Figure 3.7 Blade weight increase coefficient i as a function of the relative
envelope weight of the outer segment for various reduced aspect ratios

The weight per square meter of area or—as we shall refer to it hereafter—the specific
weight of the outer blade segment, consists of the weight of the envelope (with counterweight)
and the blade spar.

We shail examine the parameters on which this weight depends.

3.1.8 Specific Weight (Including Counterweight) of Envelope Structure
in the Blade Outer Region

We shall examine a typical modern glass-reinforced plastic blade envelope construction.
This design makes it possible to obtain minimal envelope weight for the blade with a steel tubu-
lar spar.

The construction of such an envelope is accomplished as follows (see Fig 3.1). The trail-
ing edge sections (boxes) with honeycomb filler and glass-plastic skin are attached to the glass-
plastic blade nose-box which, in turn, is attached to the spar through so-called compensators.
The space between the blade nosebox and the spar is filled with plastic foam. The counter-
weights are located inside the nosebox. The blade anti-icing elements and abrasion strips are
located along the outer contour of the nose.

For the subsequent analysis, it is important not only to determine the minimum possible
specific envelope weight, but also the nature of its variation as a function of blade chord.

The running weights of the envelope elements used to fill any part of the blade airfoil
section are proportional to the square of the chord. These elements include the plastic-foam
and honeycomb filler, ribs, spacers, compensators, and the cement used for bonding and gluing
the honeycombs and other elements of the envelope. For manufacturing reasons, the aft section
skin for chords up to about one-half meter is no less than 0.3 to 0.4-mm thick and therefore, its
weight is proportional to the blade chord. With increase of the chord, the skin thickness at the
point of attachment to the nosebox must be increased because of strength requirements. The
running weight of the skin stiffeners increase as the square of the chord. The running weight of
the nose section skin stiffeners exhibits the same dependence on the chord.
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A large part of the nosebox running weight and also the running weight of the blade anti-
icing and abrasion protection, and the weight of the trailing-edge box spacers are proportional
to the first power of the chord.

The running weight of the counterweights is proportional to the running weight of the
envelope; therefore, it can be divided into two parts: one varymg as the first power and another
as the square of the blade chord.

The minimal possible running weight, which is the sum of the weights of all the above-
listed envelope elements referred to the chord can be obtained as

Tony = bZ (ATgny,) /00 + qu,,,,

where, for the elements whose specnfcc weight is proportlonal to the chord, the values of
Aq,,w/Ab are

kg/m3
Plastic foam filler . . . . . . . . . i i it e e e e e e 1.6
Honeycomb . . . . .. e e e e e b e e e e e e e e e e e e e e e e e 1.28
Compensators 8NA SPACEIS . + .« v v v v v v b et e e e e e e e 1.88
Nose-section skin reinforcements . . . . . . . . .. .. ... .. 1.88
Aft-box skin reinforcements. . . . . . . . . ... e e e e 1.2
RibS. . o v o i e e e e e e e e e e e e e e e e e 0.36
AdReSIVE . . . . . e e e e e e e e e e e e e e e 0.76
Changeable part of thecounterweight . . . . .. ... ... ............... 1.08

2AGeny; )86 = 101
!

and for the elements with specific weight which does not change with variation of the chord,
the values of AG,,, are

kg/m?

lcing and abrasion protection . . . . . . ... ... ... e 1.36
Unvarying part of nose and aftskins . . . ... ......... e e e e e 1.6

INter-boOX iNSErtS. . . . . o v v ittt e e e e e e e e e e e 0.22

Unchangeable part of the counterweight. . . . . . ... .. ... ............ 2.00
ZAGeny;=5.2

The actual weights of these elements are shown in Fig 3.8 for three blade sizes where, in
the assumed relationships, account was taken of the necessary structural changes in accordance
with modern concepts.

Thus, the minimal specific envelope weight of the glass-plastic blade with steel spar can
be represented as

Gopy = 5.2 + 10.7b. {3.34)

In Fig 3.9, this relationship can be compared with the actual specific weight of the blade

envelope. A similar analysis was made to obtain the specific weight of the envelope as a func-
tion of chord for blades with extruded Duralumin spars (Fig 3.10).

For blades of this construction, fabricated accounting for the latest achievements in
weight reduction, this relationship can be presented in the following form:

Topy = 5.0 + 5.0b. (3.35)
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Figure 3.8 Specific weights versus blade chord of various envelope elements of a blade

with tubuler spsr and glass-plastic skin and weight data of existing and projected biades:

(1) leading-edge skin; (2) compensators and spacers; (3) ribs; (4) counterweight; (5) aft-

section skin with reinforcement, (6) plastic foam, (7) adhesive, (8) aft stringer; (9) anti-

icing and abrasion protection; (10} honeycomb filler; (11) inter-box inserts; and [A)

point for a blade with reduced space batween contour and spar; (B) point for a blade
without protective strips

Figure 3.9 Specific weights of envelope Qepy.
and outer part Gy of & blade with steel sper and
glass-plastic shell corresponding to various
weight levels (shaded region cannot be used be-
cause of loss of spar stability, circles represent
specific weights of glass-plastic envelopes in

a; - ,V 912 blades with steel spars; squeres mark specific

M; -8 % weights of Duralumin envelope in blades with

i extruded spar; also showr is the envelope spe-

10 Mi—8 (PRODUCTION) cific weight for the Mi-6 helicopter of mixed
e Mi-2 |B o l design)

L/\h‘?
0 04 06 0.8 10b,m
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Figure 3.10 Cross-section of blade with extruded Durslumin Spar

For comparison, the specific envelope weight for several production blades with ex-
truded aluminum spars are shown in Fig 3.9. Also shown is the specific envelope weight of the
Mi-6 helicopter production blade which, as is well known, is fabricated according to a very com-
plex structural scheme.

3.1.9 Specific Weight of Spar and Blade Outer Segment

In order to lighten the blade, the weight of the spar in its outer part should be reduced as
much as possible. This would be the most effective weight reduction measure. Outside of the
general requirements regarding the magnitude of the mass characteristic Yo blade stiffness in
torsion, and possible loss of stability, such weight reduction encounters only technological
(manufacturing) difficuities.

It is very difficult, although possible, to fabricate the spar tube with wall thickness of
less than & = 2mm at the tip. This constraint leads to a situation in which the specific weight of
-tshe stee})spa; at the tip cannot be less than Ei;p,, = 8 kg/m?, if we assume that its perimeter is

=0.5126b.

tpar For blades with an extruded aluminum spar, the specific spar weight at the tip is some-
what lower in spite of the fact that its perimeter is usually about Sp., =1.156. For a wall

thickness of & = 2mm, it is about §;p,, = 6.1 kg/m*.
We introduce the concept of the blade-tip
segment weight level, evaluating it on the basis
~ o~ '2 of the spar wall thickness referred to a perimeter
Q¢ ; Qenv. kg/m equal to 0.572b for the steel tube, and to a perim-
eter equal to 7.756 for the extruded aluminum
spar. We take the sequential number N of each
weight level to coincide with the wall thickness in
millimeters; i.e., the blade with a spar tip wall
thickness of 4 mm will belong to weight level V.
Figure 3.9 shows the specific weights of
blades with steel spar and glass-plastic envelope
corresponding to various weight levels. These
specific weights are described by the formula

9:= 5.2 + 4N + 10.1b. (3.36)

In Fig 3.5, the values of G,,, corresponding

. o to these levels—varying with the blade chord—can
/r be compared with the division of the blade into
5 segments.

0 03 04 05 06 bm Similarly, the specific weights of the tip
segment of the blade with extruded Duralumin
Figure 3.11 Waeight per square meter of the Sspar can be described by the formula
outer part of blade with extruded Duralumin
spar (hatched region cannot be used because gy = 5.0 + 3.05N + 5.0b. (3.37)
of loss of spar stability &t pPpmin/b = 2.6;
squares represent specific weights of the ex- The values of these specific weights are shown
truded Duralumin spar blade envelope) in Fig 3.11 as a function of the biade chord for
© various N,
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3.1.10 Plume Weight of Unaugmented and Siender Blades

It follows from Figs 3.5 and 3.6 that up to definite values of the reduced aspect ratio,
the blade consists only of the middle and ballast segments, while for G,,, < G%,,,. the blade
consists of the ballast segment only, and has no augmented root segment. We shall call such
blades unaugmented and the maximum easpect ratio for which the augmented root segment
does not yet appear, we call the maximum unaugmented blade aspect ratio A,,,,. It follows
from these figures that for the blade with steel spar and glass-plastic envelope, ?()\un,)m,x =
18.5 to 19, while for the blade with extruded aluminum spar, R(Aypalmex = 77 t0 71.5.

For the unaugmented blades, the value of / = /, can be found from Eq (3.31), setting
therein A7 =0and 7y = 7o, :

ip = 1 —To + %BAG, (7 — 7). (3.38)

The values of /, are shown in Fig 3.7.
Consequently, the plume weight of unaugmented blades can be found from the formula

Gp1 = iodcbR. (3.39)

In order to evaluate the plume weight of slender blades with reduced aspect ratios of
R\ > Rl Aune)max: We construct a graph ot the relative weight increase 7=ili, as a function
of the reduced aspect ratio RA. This relationship for the blade with steel spar and glass-plastic
envelope is shown in Fig 3.12, and in Fig 3.13 for the blade with extruded Duralumin spar.

i -
i
1.4 g - 0.5 1.4 -
I 0.4, %" T=1+0011(RN- R\o)
1.2 03 1.2 Pt '
1.0 = A - 10 I‘—Dfug 30.4""5
f=1+0.015(R\ - R)\,) v | Genv=03
0.8 0.8
<
. N
0.6 &3 08 "" '
2 o
04 (2 0.4 &
. < L1
0.2 L 02 “
I 0 4 8 12 16 20 24 28 RAA

0 4 8 12 16 20 24 28 32 36 RA
Figure 3.13 Coefficient T of the relative
blade blade weight inc_rme a5 a function of
reduced aspect ratio R A for blade with ex-
truded Duralumin spar

For values of 5,,,, correspanding to the usual biade-weight levels, these relationships
can be represented in the form

Figure 3.12 Coefficient 7 of the relative blade w'cight in-
crease as a function of reduced aspect rstio R\ for blade
with tubular steel spar and glass-plastic envelope

=1+ ayRA=2,) (3.40)

where the coefficient a ) = 0.075 for the steel-spar blade, and ay) = 0.077 for the extruded
Duralumin spar blade. _

The value of the reduced aspect retio R, at which marked increase of the blade weight
begins, is somewhat higher than R(Aypa/m,x. and can be taken equal to RX, = 20 for the steel
spar blade, and R\, = 72.4 for the extruded Duralumin spar blade.
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This approach makes it possible to evaluate the blade plume weight from the general
formula '
Gpr = io@bRIT + xRN =2,)] (3.41)

where the expression in the square brackets is equal to one, except for blades with reduced
aspect ratio RA 2 RA,. ‘

Calculations made taking (3.41) show that the weight of the blade plume increases in-
significantly even for a very significant increase in the reduced blade aspect ratio. However, this
weight increase may still have a noticeable influence on the selection of optimal helicopter
parameters as shown earlier in Ch.2.

In addition to the constraints of blade aspect ratio on the blade mass characteristic ?\7
and tip deflection Ay, A, values verus main rotor radius are shown in Fig 3.14 for blades with
steel and extruded Duralumin spars.

Nos Ayi My
k .b/ =138
32 7~ -
Figure 3.14 Maximum allowesble blsde aspect kpr= 11
ratios constrained by: weight incresse on the 28— < ; A
root part of the blade [ \ o); maximum \‘1‘54. - \
ellowable deflection of (}\y ) representing 7 = 24— MITC?Q* ]
0.12: and maximum allowable blade mass 20 ~ : - -
characteristic ( X 7) corresponding t0 Yo = ~
7 and kbimin = 5.5. (1) blade with steel spar 16 ;\ +—-V-72 =
and glass-plastic envelope ( R Ny = 20); (2) 2 —~
blade with extruded Duralumin spar (R)\, = 12.4) 112 -
Noi  —emem i ==y .
8 B
4

oJVs 8 10 12 14 16 18R m

3.1.11 Refinement of Formulae for Calculating Running Weight of Steel-Spar
Blades with Very Large Aspect Ratios

If we examine steel-spar blades with reduced aspect ratios of R\ > 25 for which the
augmented root segment extends to the radius 7/, > F; ., then refinement should be intro-
duced into the calculation of Ag,. ’

We write

AG, = AG, + AG" (3.42)
where Ag, = the relative increase in the blade running weight from the radius 7, to 7 ;;m,, and
AG ", from radius 7; y;m 10 7o.

Then,
AGy = 28F'q. I8, [1 — (AT /38,] (3.43)
and
AGY = 28718 [1 — AF*1 138, [Gz, + OF' (1 +45,) + %87'A7,]  (3.44)

where

-~ - - - =
AF =Ty = Fipime AT = Fitim —To-

It is important that in determining f, , here we have introduced the effective spar height
within the segment where this height is limited by the relative airfoil thickness, ¢, ¢ = 10%.
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The coefficient of the weight increase of such a blade can be defined as
i=1-7 +(1+ Ag,)ar+ YAq ry — 7 WEAF + A?")A(i", + %Ag ,AF" {3.45)
3.1.2 Blade Size Constraints Determined by Loss of Spar Stability

With increase in the transverse dimensions of the spar section while keeping the same spar
wall thickness, the critical buckling stresses for spar bending by forces acting in the same direc-
tion as the blade’s own weight, decrease markedly.

If we assume as in the case for several existing blades, that the critical loss-of-stability
stresses Ogpir Must not be lower than the spar material yield stress oy, we find that the spar
wall thickness cannot be made smaller than a
definite value §,,;,. estimated from the curves o, kgmm? Mi-8

shown in Figs 3.15 and 3.16. In these figures, the ‘\\\\ 08 = 5.2mm ]
critical stresses for the steel-tube spar and for N \\ N '
the extruded aluminum spar with the cross-section 30 \\ \\ A} (05)\min = 28 kg/mm?
as shown in Fig 3.10 are plotted as a function of ‘——;-\.—d‘i— R T
spar lower-flange radius of curvature p. . =6mm
Ocr't'0.80, \\ M"'4 \
/TN — NTK = 4.5 mi -
Ocrit, kg/mm? 20 N \\
Oyse = 110 kg/mm? \ \\\&5
— — =y T : T 2|
100 \\A n < i 5N 0“'90_kyﬁnm2 N Py d
N N\ \\ ]L + { \ \\
80 \\ N - Ocrit ™ 0.80; 10 r~—— \'&
60 \\ \\\ \\Q‘h&” g.ém’"
40
20 6=3
» < 1.0
0 01 02 03 04 054.m °f’ ' I "
NS S M Nt N .. . . N
0 0.10.20.30405060.708091.01.11.26, m 02 03 04 0.5 06 0.7bm
Figure 3.15 Criticel buckling stresses in bend- Figure 3.16 Critical buckling stresses in bend-
ing of tubular steel spar with oval section shape ing of extruded Duralumin spar as a function of
a5 a function of lower surfece spar radius of spar lower-surface radius-of<urvature p and
curvature P and sper wall thickness 6. Corre- spar wall thickness & . Corresponding blade
sponding blade chords which satisfy the condi- chords which satisfy the condition p/b = 2.6
tion p /b = 0.4 are also marked. are slso marked.

In determining gc,;¢ for the steel-tube spar, we used Eq (10) presented on page 421 of Ref
1, while for the extruded Duralumin spar, we used the formula for the critical compressive
stresses in the aluminum plates given by Eq {13) presented on page 424 of the same reference.
Fig 3.16 also shows the critical stresses for failure (from wall buckling) of the blade spars of the
two helicopters.

On the basis of existing construction and those relationships of the spar and profile chord
geometric dimensions which are, at the present time, considered optimal, we conclude that the
maximum radius of curvature p at the relative blade radius 7, is related to the blade chord as
follows: for the blade with steel spar and glass-plastic envelope, p/b = 0.4 (for example, for the
blade of the V-12 helicopter), and for the blade with extruded Duralumin spar p/b = 2.6. Blade
chords corresponding to these p/b ratios are shown in Figs 3.15 and 3.16.
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Assuming that these relationships remain unchanged for blades of different dimensions, we
can obtain from the curves of these figures, the maximum blade chords for the selected spar
wall thickness.

However, we would like to indicate that it is not mandatory that the critical spar buckling
stresses must be higher than the yield strength of the material. Thus, on the Mi-4 helicopter
where, through many years of operating experience without a single case of buckling, the criti-
cal stress is :

= 0.8o,;. (3.46)

Therefore, with suitable verification of blade strength for the case of blade impact on the
stop, this magnitude of the critical stresses can be allowed for other blades as well.

3.1.13 Overall Blade Weight and Possible Approach to Determination of
Minimal Obtainable Blade Weight

The overall blade weight consists of the weight of the blade plume and the weight of the
root section for attaching the blade to the hub, which is usually termed the blade shank.

If we assume the values of p/b proposed above, then with satisfaction of the condition for
Ocrit = 0.80,,;, some spar regions with small wall thicknesses would not be acceptable for use
because of loss of spar static stability (see Figs 3.9 and 3.11). Consequently, the constraints
with respect to spar stability do not permit having specific weight of the outer part of the blade
below a definite minimal value of (s )min. and the blade plume weight cannot be made less
than

(Gollin = Q) pmintR- (3.48)

min
Upon evaluation of the minimal blade shank weight which can be determined only by

taking into account the current technology development, we shall consider that the minimal
blade weight can be defined as

(Gb’)min = Gpilpmin *+ (GJ”")min' (3.49)
3.1.14 Approximate Formula for Determining Minimal Blade Weight
If we define the relative weight of the outer part of the blade envelope as

ganv = Eonv /“’;)mln

and determine /, on the basis of these values using Eq (3.38) or Fig 3.7, then the value of
io{ §¢)pin for the adopted blade chord values is approximately

iol@g )pin = Gm 674 (3.50)

where g, = 31.2 for the blade with steel spar and glass-plastic envelope, and
i0(G ) pin = and°"%* (3.51)

where g, = 32 for the blade with extruded Duralumin spar.
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The error will be smali, if we assume that
loG)min = q"70"" (3.52)

where q"’,T = 30.9. Substituting this expression into Eq (3.48) with account for Eq (3.40), we
obtain

(Gotdmin = @*mb" TRIT + xRN —2o)] . (3.53)

Below, we shall analyze the possible blade shank weights, and their dependence on the
magnitude of centrifugal force.

However, for an approximate weight estimate, we can assume that the shank weight is a
fixed percentage of the blade plume weight. Then, for evaluating the weight of the blade as
a whole, we can assume a formula analogous to Eq (3.563):

(Goldmin = @567 RIT + ap RN =2,)]. (3.54)

This formula can be considered a general expression for evaluating the minimal possible
weight of both bliades with steel spar and glass-plastic envelope and blades with extruded Dura-
lumin spar; only the values of q‘b, will differ somewhat because of differences in the specific
weights of the outer part of the blade and in the weights of the blade shanks.

3.1.15 Weight of Blade Shanks

k:hk'G:hk/’Vb:;/z 17g"? . .The weighF of b.lade shanks in
! d Mi—1- existing production main-rotor blades is
Gshi = 6.9 kg usually from 10 to 17 percent of the
| blade weight; i.e., a significant fraction
0.14 ) ! of the blade weight.
Mi—8 (PRODUCTION BLADE) This weight is convenientl hu-
| Gonk = 18.5 kg ! ant. y evaiu
SLADES WiTH STEEL SPAR O Mi-8 1 ated using the same formulae used for
AND GLASS-PLASTIC Gehk = 16.3 kg the main-rotor hub weight. We assume
ENVELOPE * that
S
- O v-12 = 32 .
_u .EB)'E¢gSIS)‘ENI;TDHURALUMIN +Gghk.= 82 kg '} G = Kenk o) 1368
SPAR where Njp,; = blade centrifugal force in
0.06 tons. '
& Figure 3.17 shows the values of
ke for various existing blades and for a
blade design with steel spar and single-
\L bearing flanged attachment with the use
of titanium. We see from this figure that
0 0.06 ’ 0.1 r,,,k.-G,hk/Gb, at the modern level of tube fabrication

Figure 3.17 Statistical data on weights of blade attech-  technology. the shank of the blade with
ments (shanks) for two types of construction steel tubular spar can be made with a
weight coefficient of kg, = 0.055.

The weight coefficients of the shanks of blades with extruded Duralumin spars are con-
siderably higher and, in the best case, may be equat to 0.135.
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3.1.16 Refinement of Approximate Formula for Minimal Blade Weight

We shall determine the ratio of the shank weight to the biade plume weight. If we
assume that

Nbl = (Gpl/g)(ugzlkﬁ'c.g: (3.56)

and determine the blade plume weight in accordance with Eq (3.53), examining only unaug-
mented blades, then

(Gps) . = g b' R (3.57)

min
then in accordance with Eq (3.55) and setting 7. g = 0.5, we obtain the blade attachment
(shank) relative weight as

Rsni = 3.87kenib™* (U/R V', (3.58)

where Uy = Ug/Uys, (Upg = 220 m/s).

Taking q:’P, = 30 and kgpx = 0.055 as approximates, we obtain the minimal vaiues of
the coefficient R;ux for the blade with steel spar and glass-plastic envelope shown in Fig 3.18.
The same coefficient for the blade with extruded aluminum spar wil! be 2.5 times higher.

Kshk
0.20
Figure 3.18 Approximate ratio of shank weight -0.16 \Y
to plume weight kengx = Gepk/Gpy of blades . \\ Se,
with tubular steel spar and glass-plastic envelope 0.12 \ \ P & -o,a
0.8 \2:0': ' %
& —
\
0l
4 8 12 16 R/Uta,m

With account for these results, the approximate biade weight formula of Eq (3.54) can
be rewritten as follows:

Goldmin = 1+ Renk)@" 6%"RIT + ay RO = A,)]. (3.59)
The value of the expression (7 + i) for the coefficients shown in Fig 3.18 and the
blade parameters used can be approximately determined from the formuia

7+ Eshk ~ 7.38p0101.65 — IogR)/Ro.o9| (3.60)

which makes it possible to somewhat refine Eq (3.54).
If we examine blades with radius R = 76 m, then Eq (3.60) can be rewritten in the
foilowing form:
1+ Ry = 1.386%°45/R0-0%1, (3.61)

Consequently, the formula for the minimum attainable weight of the blade with steel
spar and glass-plastic envelope with account for Eqs (3.560) and (3.61) can be written as
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(Goidpin = 436577 R%PPL[1 + ap RIN=2,)]. (3.62)

However, the refinements resulting in this formula in comparison with the weight esti-
mates using Eq (3.54) are not significant enough to be taken into consideration in selecting
helicopter parameters.

3.1.17 Minimal Lifting-Rotor Blade weight as a Function of the Blade Chord
and Radius, Obtained Using the Approximate Formulae

I we determine the blade plume weight using Eq (3.48), then the minimal weight of the
blade as a whole can be calculated from the following formula

(GoNmin = I + Repi)ioGe)minb RIT + oy (X =25)]. (3.63)
- = 2 Figure 3.19 shows the blade weight per
ilag) min (1 + kshk). kg/m square meter (Gp/),;n/PR as a function of
N ] ;z?/ NIRY main-rotor radius for several blade chord values.
. 7.0,, Y / A The slight reduction of the blade weight
B : ;/ r . /—7@0 per square meter on the region up to RA =R},
% , , v( is explained only by the variation of the shank
30 T 71V A y weight which, because of the reduction of the
~3-46] -+ 71'/ 2 ;,// // biade centrifugal force at wR = const, decreases

~-0.6 /1.7 ¥, # /f - with increase of R.
;L_'{» - 4 ‘l«o}f’f//" The weight values shown can be compared
20— o Ll 0 Lk with the coefficients kp; indicated in the same
xlgﬂ‘};f_’,lﬂf , figure. We see from this comparison that the
b= 2__23;/, 'f/7‘ {// i - blade-weight dependence on its chord and
4l radius does not foliow the kp; = const law. In
//// [ order to compare these results with the calcula-
0 8 - 12 16 R.m  tions based on the use of Eq (2.8) of Ch 2, we

Figure 3.19 Minimal bisde weight referred to bR establish the dependence of the coefficient Ry
versus mein-rotor radius for various blade chords on the main rotor radius.

k1 = 17 Gpy/6R"TI1 + aR(A=2o)] = i@ell + Eon)12416°7.  (3.64)

These relationships are shown in Fig 3.20. For all the considered blade sizes, we see from
these curves that when R > 8 m, the coefficient k%, lies in a quite narrow range of 12.8 to
14.6 for blades with steel spar and glass-plastic shell, and varies within k"b, =14t016 for
blades with extruded Duralumin spar. Consequently, the nature of the dependence of the
weight of the considered blade designs on blade chord and radius is quite close to the law that
k*y, = constant, which justifies the use of Eq (2.8).

3.1.18 Evaluation of Overall Blade Weight for Given Wall Thickness of the
Spar Tip

In reality, for both technological and manufacturing reasons, blades which have actually
been constructed have a weight greater than the minimal feasible value. Therefore, it is impor-
tant to evaluate the weight of blades conceived with different weight levels of the outer part of
the blade in order to present other possible constraints which are effective in blade design. We
assume the blade envelope weight as determined in Subsection 3.1.8.
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Figure 3.20 Variation of weight coefficient k *p, for the considared blade types throughout
the range of examined values of b and R: — — — blade with extruded Duralumin spar;
and blade with tubular steel spar

We shall evaluate blade weight in terms of the coefficient k"’b, (see Subsection 2.2.1).
if, by analogy, the blade plume weight is written as

Gy = kp,szhr, (3.65)
then the value of &y, can be expressed in terms of the coefficient of Eq (3.33),

kpy = TiGeb/R. (3.66)

Just as above, we obtain the blade weight by combining the plume weight with that of
the shank by which the blade is attached to the hub link. .

Assuming that the blade centrifugal force can be represented using Eq (3.56) and sub-
stituting the value of G,, from Eq (3.65) into this formula, we find that the blade weight co-
efficient can be written as

koy = 1+ (kepiTe g U Ig 10° 2 )kpiIngT, A 1k, (3.67)

As an example, the values of the weight coefficient kj, calculated using Eq (3.67) are
shown in Fig 3.21 as a function of main-rotor radius for various weight levels of blades with
aspect ratio A = 20 and under the assumption that 7, ; = 0.49 and k,;,, = 0.055 for blades with
steel spar, and K, . = 0.135 for blades with extruded Duralumin spar.

We have already mentioned that these values of the coefficients were obtained for
designs with the blade envelope weight which can be achieved at the modern level of construc-
tion and which should be considered to be very low. The spar cross-section dimensions were
assumed to be as close as possible to the airfoil contour in order to reduce, as much as possible,
the weight of the envelope forming this contour. This approach is justified by the fact that it
leads to the maximum possible increase in the spar stiffness in torsion. But at the same time,
because of the increase of the radii of curvature of the lower surface of the spar and reduction
of the wall thickness, the critical spar buckling stresses decrease. As has been mentioned, this
situation leads to a limitation of the minimal values of the weight coefficients kp,.
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Figure 3.21 also shows the constraints associated with satisfaction of the condition that
the critical buckling stresses in spar bending should not be lower than 0.80,;.

In addition, we see from Fig 3.21 that for small main-rotor radii and, therefore, small
blade chords resulting from the assumed A = const, the blade weight increases still more sharply
because of the constraints associated with the difficulty of making spars with wall thicknesses
lower than & = 2 mm. Therefore, for such blades, we should examine other constructions;
for example, with C-shaped spar.

3.1.19 Results and Conclusions of the Analysis

Our analysis of the weight-contributing structures of rectangular-planform blades and
specifically, of two types of construction—with steel, and extruded Duralumin, spars—shows
that the minimum feasible blade weight is proportional to the weight per square meter of the
outer part of the blade and the overall blade area. Since the envelope weight per square meter at
the blade outer region increases with increase of the blade chord, the weight of the blade as a
whole also increases to the same degree with enlargement of the blade chord.

The blade weight is associated, in the same fashion, with the spar tip wall thickness. The
thinner the spar in the outer blade region walls, the iower the weight of that part and the over-
all blade weight.

The blade weight does not depend directly on the blade aspect ratio, if this ratio is less
than the reduced maximum ‘“‘unaugmented-weight’ aspect ratio (A, n3);, .- This dependence
shows up indirectly, since the weight per square meter of the outer blade segment depends on
the blade chord; and with change of the chord and unchanged blade radius, the aspect ratio A
will change, and the blade weight will increase with increase of the chord and corresponding
reduction of the blade aspect ratio. For an aspect ratio larger than the maximum “‘unsugmented-
weight'’ aspect ratio R(Ayps)maex- the blade weight, in addition, increases directly with in-
crease of its aspect ratio because of the necessity for reinforcing the root part of the spar.

It follows from these relationships that for constant rotor tip speed and constant chord
(wR = const, and b = const}, the minimum obtainable weight of the blade with an aspect ratio
lower than R{Ayne)max increases proportionally to the blade radius, while the weight coeffi-
cient kp, decreases inversely to the blade radius. Consequently, with increase of the main rotor
radius, the blade can be made with a higher value of the mass characteristic v, i.e., relatively
lighter.
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With increase of the chord, the blade weight increase is not proportional to the chord,
but more rapid because of the increase of the blade outer envelope weight per square meter and
the necessity—because of the large spar transverse dimensions—to increase the spar wall thick-
ness in order to prevent buckling when the blade strikes the droop stop.

Consequently, when maintaining 8 constant overall blade ares, the main rotor with a
larger number of blades and smaller blade chord will always be lighter as long as the blade
aspect ratio is no higher than the maximum unaugmented-weight aspect ratio.

Because of the constraint based on spar buckling, the weight coefficient of the blade
with steel spar and glass-plastic shell with A = 20 (see Fig 3.21) cannot be made lower than
kps = 5.4. For the blade with extruded Duralumin spar, the minimal value of the weight coeffi-
cient of the blade with the same aspect ratio is K, =~ 6.8, although it is possible to obtain even
lower vaiues of this coefficient if we somewhat increase the height of the spar-wall stiffening
fins (see Fig 3.10) and thereby increase the critical buckling stresses.

One’s attention should aiso be called to the additional weight increase of the considered
construction types when the chord becomes less than 6 = 0.25 m for blades with extruded
aluminum spar, and less than b = 0.45 m for the blade with steel tubular spar and glass-plastic
envelope, because of manufacturing aspects limiting spar wall thickness to no less than § =
2mm. In order to avoid this weight increase, we can either seek manufacturing techniques per-
mitting reduction of the spar wall thicknesses to values lower than & = 2mm, or develop differ-
ent designs; for example, with spar of open-section form. Otherwise, the blades of such dimen-
sions will be significantly heavier.

Examination of the two blade construction types confirms the well-known—and obvious
from general considerations— conclusion that for different main-rotor dimensions, different
blade designs may be optimal from the viewpoint of minimum attainable weight.

Therefore, in the statistical data on the weights of blades of different designs, we do not
observe the marked differences in the values of the weight coefficients which were obtained
through the analytical calculations presented herein. However, the general tendency toward re-
duction of the coefficients k,, with increase of the rotor radius and reduction of the blade
chord and marked increase of this coefficient for small main-rotor radii can also be noted in
examining the data for the existing blades presented in Ch 2.

There is no doubt that the described relationships, obtained from examination of the
two construction types, will have approximately the same character for other types of blades as
well. Therefore, the formulae presented in this chapter—with some refinements of the values of
the coefficients appearing in the formulae—can also be used for other constructions.
Naturally, we can expect that the use of various new technical approaches will make it possible
to reduce the minimum obtainable weight in modern blade constructions, or will make it possi-
ble to expand the region of application of any particular type.

At the same time, there is no basis to expect that the weight of the blade types examined
here can be changed significantly in comparison with the data obtained as a result of the calcu-
lations. :

In concluding this chapter, it should be emphasized that the entire analysis presented
here is made on the basis of manufacturing capabilities and static-strength requirements. The
necessity for the satisfaction of many other conditions may have a significant effect on the con-
clusions drawn herein, although satisfaction of these conditions may be achieved without large
weight expenditures.
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A SOME METHODS FOR CALCULATING
HELICOPTER COSTS

4.1 Helicopter Production Costs

After making all the required calculations using the techniques presented in the pre-
ceding sections, one can be certain that the selected helicopter parameters will ensure the
maximum possible weight efficiency of the designed aircraft. But, can we, at the same time,
be equally certain that this vehicle will also be optimal from an economic viewpoint?

4.1.1 Basic Difficulties in Evaluating Economic Aspects of Helicopter Operations

The concepts of aircraft weight and economic efficiency are traditionally considered to
be equivalent. Indeed. even a very simple analysis indicates a significant relationship between
the weight of a structure and its cost (Fig 4.1). The higher the weight of the helicopter struc-
ture, the more expensive the machine. The higher its weight efficiency, the higher its produc-
tivity {other conditions being the same). Since the ratio of cost to productivity is considered
to be the most universal criterion for evaluating the quality of any transport vehicle, the follow-
ing conclusion seems obvious: Helicopter structural weight should be reduced whenever
possible.
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Figura 4.1 Helicopter cost as a function of structural weight (C = helicopter cost
in fifth year of production, referred to the Mi-1 helicopter cost
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Recently, however, it has been suggested that a helicopter may sometimes be heavier
but, at the same time, more economical?®:3. In order to make certain that the selected heli-
copter design variant is also optimal with respect to the economic criterion, it is necessary to
have reliable methods of economic analysis. However, because of various difficulties, the
accuracy of economic predictions based on the “weight-cost”’ hypothesis has not been high in
the past. Errors reaching a factor of two or three were not unusual. We shall illustrate the com-
plexity of the problem by some examples. Let us assume that we wish to determine the basic

.cost of manufacturing a helicopter having a gross weight of about 3.5 tons (34.4 kN), capable

of transporting 900 kg (8.85 kN) of cargo over a distance of 100 km. We take, as 100 percent,
the cost of the predecessor helicopter having a gross weight of about 7.5 ton (73.9kN), cargo
capacity of about 2 ton (19.6 kN), and a 400-km range (both helicopters have piston engines).
As an axiom, we take the statement: The heavier the machine, the more expensive it is. Let us
assume that the helicopter cost is proportional to its weight. Then, the cost of the 3-ton heli-
copter in our problem should be about 40 percent of the cost of the 7-ton helicopter. However,
the cost relationship of actual production machines may be quite different.

For example, we know of two helicopters similar to those being examined. The light-
weight machine is more than twice as expensive as the heavy machine (for the same number of
machines produced, and for the same service life). There are known cases in which helicopters
of the same type built in different factories differed in cost by a factor of 1.5. If we wish to
correctly compare machines with respect to their manufacturing cost, it is necessary to consider
the differences in outfitting the manufacturing plants with modern equipment, in staffing with
qualified personnel, in organizational efficiency and experience in helicopter production, in the
time-varying costs of materials and labor, and we must also consider the differences in the geo-
graphic location of the manufacturing plants. But, as will be shown below, even this is not suffi-
cient. For example, the plants of well-known American engine manufacturers such as Lycoming
and General Electric—as far as we can judge by available information—are nearly equal with
respect to their equipment level, personnel qualification, and experience in producing turbo-
shaft engines for helicopters. Apparently, the other production conditions affecting the cost of
their output are also approximately the same. Table 4.1 shows the characteristics of two types
of helicopter engines of these firms that are in the same power class; have been in mass produc-
tion for a long time, and compete with one another in the world market.

To the data of Table 4.1, we should add that at the time of comparison, the TBO’s of
the two engines were nearly the same and their production rates were also similar.

These data indicate first, that the widely-used method for estimating the cost of one
machine purely on the basis of the cost per kg of another one may lead to large errors, even in
those cases when the production conditions are the same for both models; second, price appar-
ently has very little influence on the scale of application, as both engines are mass produced.

The first aspect is undoubtedly explained by the greater complexity of the T-58 design
and the higher precision required in the manufacture of the components; consequently, the
technology required is more complex. The second aspect seems to be explained by the fact that
the additional costs of procuring the lighter weight, but more expensive, engines are balanced
by the possibility of increasing the payload (productivity) while retaining the same design gross
weights of such medium-size helicopters as the S-61 and BV-107"on which these engines were
installed or, conversely, by the possibility of reducing their gross weights while maintaining a

*1t is known that T-563 engines were installed on the 8V-107 prototype.
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ENGINE TYPE
General Electric T-58 (installed
on the foliowing helicopters: i .
STICS Sikorsky 5-61, Boeing-Vertol 107 | LYcoming T-63 (installed o
CHARACTERISTIC Kaman HU2K, & on some modi- vanous.v)emons of the Bell
fications of Bell Iroquois; e.g., Iroquois
UH-1F)

Specific Fuel Consumption; kg/hp.hr 0.286 0.322
Maximum Power, hp 1280* . 1100*
Waeight, kg (N) 138 (1360) 220 (2160)
Average world-market price in1000-
dotler units** 69 39
Price per kg of engine weight, $ 500 1775
Price of one hp, $ 55 35.6

*Power of both engines was increased to 1500 hp in the Seventies

**According to late Sixties Dats

TABLE 4.1 CHARACTERISTICS OF THE T-53 & T-58 ENGINES (1967 DATA)

given payload. This latter aspect involves reduction of certain forms of operating costs; specifi-
cally, an additional decrease in fuel costs {in addition to the fuel savings directly resulting from
the lower specific fuel consumption of the T-58 engine). It is well known that in the stage of
selecting basic helicopter parameters, a reduction by one kg of the weight of any helicopter
component leads to a reduction in the gross weight by several kilogramsI 1. The lower the
weight class of the designed vehicle, the smaller this gain. It is therefore possible that for light
helicopters of the lroquois type, the increase of their cost because of installation of the expen-
sive, but light, T-58 engines was not adequately compensated for by the increase of their pro-
ductivity and a reduction of certain operating costs. In other words, in this case, it was eco-
nomically better to develop a machine having obviously poorer weight characteristics than
might otherwise have been achieved.

We note that the lroquois helicopter with the relatively heavy T-53 engine was—at the
time this book went to press—the most widely produced helicopter in the West. According to
the foreign press, by 1974 more than 16,000 of these helicopters had been built (for compari-
son, the number of constructed helicopters of any other type did not exceed 4000 machines).

It is possible that the installation of the more expensive T-58 engine on certain modifica-
tions of the Iroquois helicopter (see Table 4.1) can be explained by the fact that such modifica-
tions were developed to perform special tasks which were not possible to accomplish with the
aid of the T-563 engine; for example, because of the higher fuel consumption rates.

In any case, this example shows that evaluation of the component cost of a new heli-
copter, using statistical weight data without adequqte precise accounting for design differences,
may not be reliable. This conclusion is confirmed by other examples as well. Thus, the engine
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characteristics of the well-known M-6 and Mi-8 helicopters are shown in Tabie 4.2. Here, again,
the conditions at the manufacturing plants are approximately the same. At the time of com-
parison, about the same number of each engine had been produced. But we see from the table
that the engine, which is several times heavier and more powerful, still has a much lower spe-
cific cost.

ENGINE TYPE
CHARACTERISTIC Ix:‘;:,:zr)(innnllcd on the Mi-8 ’[\)j:/p:i‘r:;talled on the Mi-6
Maximum Power, hp 1500 65006500
‘Waight, kg(N) 325 (3200) 1300 (12800)
E:;tni’ncpo::conuge of the D-26V 61.5 100
gkt -
con of the 0.2V angine) 300 100

Note: At establishedmass production and squal-delivery rate.

TABLE 4.2 CHARACTERISTICS OF D-25V AND TV-2-117 TURBOSHAFT ENGINES
{For established production level and equel rate of production)

Perhaps helicopter engines are an exception? Statistical data on the specific costs of
some helicopters and their components are shown in Fig 4.2. The known actual specific costs of
the basic components of certain production helicopters are marked along the ordinate axis;
while the abscissas indicate their theoretical specific costs® computed, in the present case in
accordance with the adopted hypothesis of proportionality between weight and cost; and ex-
pressed with respect to the specific costs of the corresponding helicopter components adopted
as standard. If this hypothesis were ideally valid, all the points for the components of the con-
sidered helicopters should lie on the straight line of the reference helicopter. In actuality, we
observe nearly random scatter of the points.

4.1.2 Basic Tendencies in Economics of Modern Helicopter Construction

Through more careful examination of Fig 4.2—knowing the year when the helicopters
represented were developed-—we can identify some temporal relationships. The ordinates repre-
senting the specific cost of those helicopters for which the data is given in Fig 4.2, are shown in
Fig 4.3, along with that of other production machines. The time, in years, from the initiation
of series of the oldest of these helicopters, is marked along the abscissa.

The cost per kg of the structure of each helicopter decreases from year to year as its
series production is mastered and the output increases. This obviously does not require any
special explanation, but the cost per kg of the structure of each helicopter of a later design is
higher in the n-th year of production than that of its predecessor. This latter tendency is usually

*Specific cost is defined‘ as the cost per kg of component weight.
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Figure 4.3 Varivtion of specific cost of structure CT for some production helicopters
as @ function of time t from entry into series production of Model 11, (CT is expressed
in terms of the specific equipment cost of helicopter Model 111, taken as 100).
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usually explained by the continuously increasing complexity of the design, more sophisticated
production, and inspection methods which are the result of the necessity for improving the pro-
ductivity and reliability of the new flight vehicle, and expanding its capabilities. The cost in-
creases most steeply as a result of installing increasingly complex equipment on the helicopters,
and also because of the use of better, but, as a rule, more expensive building materials. The
modern helicopter, designed according to 1950 requirements would, of course, be more expen-
sive today, but it would also be more efficient.

Can this statistical temporal relationship be used to solve the problem of selecting
optimal parameters? Of course not, and precisely because this is a time-dependent relationship.
Obviously, it is convenient for any sort of retrospective analysis, since it reflects the results of
reducing to practice the concepts which dominated in the design of helicopters in the preceding
period; especially the concept of structural weight reduction at any cost. But the absolute
validity of this concept must be verified.

4.1.3 Some Drawbacks of Existing Methods for Calculating Helicopter Costs

There are several statistical formulae that are sometimes used for preliminary evaluation
of aircraft costs. Unfortunately, the structure of these formulae does not always adequately
reflect all the factors which determine vehicle cost. One such formula is the following rela-
tionship that is sometimes used in cost estimates of helicopter mechanical components:

Cp = km (Gp)" 12(IN2) kior (4.1)

where C, = cost of the n-th component; G, = its weight; 7 = service life; Ng = serial number of
components in series production; km, m, £, and t = constants determined from statistics; and
koor = coefficient correcting the temporal variations (also taken from statistical data).

There is no question as to the validity of the term (G,,)'" in this formula. The term
{Ne)'! also appears valid. The cost reduction as a function of the number of articles produced
has just such a nature (Fig 4.4) for practically all the industrial products. As for the real rela-
tionship, C, = fi1)is considerably more complex than that reflected by Eq (4.1). In actual
practice, a considerable increase, or reduction, of helicopter component service life is fre-
quently accomplished on the basis of operating experience without the introduction of any
fundamental changes in design and manufacturing; and consequently, without additional ex-
penditures (simply on the basis of operating experience and control testing results). Therefore,
7 should be interpreted as assumed during the design “‘service life’’ potential of a component
that is primarily determined by the component weight, fabrication precision, quality of the
materials used, and so on. But in this case, how do we allocate the cost associated with change
of the “service-life”’ potential between the terms (G,)™ and (7'% when determining the ex-
ponents m and ¢ in Eq 4.1?

At the same time {Eq (4.1) does not directly account for such cost factors influencing
the improvements (complications or simplifications) which are not associated with increasing
service life. Thus, in accordance with this formula, main rotor hubs having the same weights,
service life, and production serial numbers, but differing in construction (one is the classical
type with mechanical hinges, the other has elastomeric hinges) should have the same produc-
tion cost. However, in reality, the difference in the cost of these hubs may be very significant.

But let us assume that we have in some way been able, with the use of stastics, to select
values of the quantities £y, m, £, t, and R;,, in such a way that they would ensure satisfactory
agreement of the calculated costs with the real costs for existing helicopters. Does this mean
that we have obtained a correct basis for determining the cost of a component being designed
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for a new helicopter by using Eq (4.1)? Of
course not. We have already seen that there
are components with the same service life,
produced in the same time period, belonging
to the same class, and having the same serial
number in series production, but differing in
cost. Should one use this formula to calculate
the costs of the engines in Table 4.1? The
cost of the heavier engine would be approx-
imately 1.5 times higher than that of the
lighter engine; i.e., an error of more than a
factor of 3 will be made. In this case, Eq
(4.1) could not take into account the
differences in the required fabrication
accuracy. The influence of this factor on
cost is illustrated in Fig 4.5, where the
relationship between the required machining
time and the established manufacturing
tolerances are shown—with tightening of the
tolerance from 0.06 to 0.025, the time
required is increased by a factor of 430,
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A formula which meets all the requirements can be written in the form

Cr

n

= RgpkeCrq (4.2)

where Cy. = specific cost (cost per kg of structure) of the component of a new helicopter
n
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design; C To = specific cost of an analogous production component which is very similar to the
new design with respect to type of construction and size, and is taken as the baseline; kg p =

coefficient accounting for the design peculiarities of the considered component in comparison
with the baseline unit; k, = ‘‘economic’’ coefficient, accounting for the difference in material
costs; labor productivity, and wages, in fabrication of the new and baseline components.

The problem obviously reduces to the determination of sufficiently reliable coefficients
kd.p and k,.

Knowing the conditions of the plant in which we intend to produce a series of new com-
ponents, and comparing part-by-part on the basis of shop-released drawings the new and base-
line components with respect to the manpower required for their production (we assume that
the baseline article manpower requirement is known), we can quite reliably evaluate the influ-
ence of both the design peculiarities and the production conditions on the cost of the new com-
_ponent. This is correct under the assumption that all parts being compared are similar. Unfor-
tunatelv, this technique is very tedious and is not suitable tor evaluating helicopter cost in the
initial and prelininary design stages, when working drawings are not yet available. In addition,
new designs may incorporate new approaches which have not been previously used.

in the present chapter, we shall discuss a method which makes it possible to solve this
problem with satisfactory accuracy in the early design stages. This method has some basic
advantages: first, it takes into account all the important factors influencing helicopter costs,
which is well confirmed by the results of regression analyses of helicopters for which the
economic data are known; second, itis relatively simple. Both of these advantages make it possi-
ble to utilize this method in the initial phase of selecting the basic parameters and heiicopter
configuration.

4.1.4 Influence of Helicopter Production Conditions on Manufacturing Cost
(Determination of Economic Coefficient &,)

We shall examine the basic expenditure items involved in manufacturing any article.

A. Article fabrication cost — 100%.

production personnel wages

. cost of materials (and semi-finished products)

purchase cost of finished parts

. productione equipment amortization charges

special equipment costs

shop, and general-plant expenditures (electric power, heating, building main-
tenance, and so on)

g. wages of inspectors and office personnel (in percent of production workers’ pay)

~ooa0oe

B. Overhead expenditures (expressed in percent of article fabrication costs)
C. Article cost (article fabrication cost, plus overhead).

Since any form of work can be evaluated in terms of the money paid to the worker for
his performance, all the items of this list could be reduced to a single item — wages. But, when
making the calculations, we would have to know a lot of data on the hourly wages of the
various categories of workers, including metallurgists and miners. Therefore, considering that
production equipment amortization life is usually established as five years and that the over-
head expenses are basically the wages of the various categories of factory personnel, the calcula-
tion of the expense items for a helicopter part, beginning with the sixth year of production, can
be represented in simplified form.
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Cost of manufactured object:

a. overall wages of all workers and factory and office personnel categories charge-
able to the manufactured object

costs of purchased parts

costs of electric power and fuel for the plant, transportation costs, and so on
cost of special tooling materials

cost of the materials (and semi-finished products) used in the manufactured
object.

sasg

Similar calculations can be made for the cost of each of the purchased items used in
making the object. The expenditures for special tooling materials, electric power, fuel for the
plant, transportation, and so on, which we term "‘other costs'’, represent a relatively small con-
tribution to the overall cost, and can be taken into account by a constant coefficient R, o in
the expression for the cost of the object. This makes it possible to reduce the cost calcuiation
to only three items: (a) wages — Z(70), (b) materials (semi-processed items) — Z(G; , M);
and (c) other costs.

Then, the cost of the object can be written as

C=[Z(T;0)) + ZGep;MD]) kg (4.3)

where T, = labor expended in fabricating the i-th part used in the produced object in norm-
hours {or the labor component of the i-th assembly operation}; 6 ; = norm-hour cost of per-
forming the corresponding operation; G, p. = weight of the i-th semi-processed item in the
finished object; and M,- = cost per kg of the material used in this part.

Then, the specific cost of the n-th component is

& =rE(T/9,') + Z(G:.p,'M,')]ko‘c - [T,,o,, + Gs.pnMr ]ko.c (4.4)
Gp l_ G, - Gp Gn G,

CT,-, =

where Cr, = average component cost per kg; G, = weight of the component; 7, = overall com-
ponent fabrication labor content in norm-hrs; 6, = average factory norm-hr cost; Gy.p = overall
weight of the semi-processed parts used in the component; and M,, = average cost per kg of the
semi-processed parts used in the component (average specific cost of the material).

Since 7,/G, in norm-hrs per Kg is associated with productivity (we denote this ratio by
Ilp,,'), and Rm.up Gs.pp = Gp, where kpy , is the average coefficient of material utilization,
the expression for the specific cost of the article can be written in the form

Cr, = (6, llp, + M, /km.un)]ka.c .
Similarly, for the baseline component

CT, = [00 nPo + (Mo/km.uo)]ko.c-
We denote the ratio of the expressions by

Crn _ 0nllpn + Mp/km.up) _ - O,llp, N Hnlhm.un
Cr, Oollpy + Wolkmuy) Bollp, + Wo/km.uy)  8ollp, + Molkm.uy)

Reo =
)

(4.5)

* Average value of norm-hrs required for each kg of component weight.
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Then, we denote the ratio of the baseline component material cost and the overall sum
of the wages paid for its fabrication by &y o :
Mo

ko =
€ e0 npo km.Un

_ For the components of helicopters which have been built to date, the quantity &k, . is
quite stable (Fig 4.6). In the calculations, we can take it as 0.52 to 0.66. Then,

o =LTn _ 0,Tp, N km.ugMp
2 " Cr,  Oollpoll + ko) kmuMoll + (1/ks.c)]

kb.c

]A
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0:6. 7/7/// 77 Z 7, %///// W
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Figure 4.6 Ratio of material cost to overall wages as a function of helicopter
structural weight: 1) Model 1l (in plant B); 2) Model 1! (in plant B); 3) Model |
in plant A); 4) modification of Model 11 (in plant 8); Model 1V {in plant A)

Assuming the average utilization material coefficient to be the same for simitar com-
ponents, we obtain

I 0,1p M
R LL0 4 p £y, 4.6
o T+ kbc)<oonpo be Mo> 8!

In order to reduce Eq (4.6) to 8 form more convenient for the subsequent analysis, we
introduce new notations:

kg = 1/(1 +Rpc) and kyy =Rp /(1 +kpchiie, lkg+ hy =1T). 4.7

Then, Eq (4.6) takes the following form:

8,llp, Mpn
ko 5omip, T RM T
Po ]

(4.8)

This is essentially the expression in general form for the product kg p kg in Eq {4.2).
If the new component is similar as far as its design is concerned to the baseline component
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(differing only with respect to materials used and production conditions),then kg, = 7 and
consequently,

8a1lpn My,
=ky = hg—— + —_ 49
keo e 9 8,01p, Rm M, (4.9)

in those cases when it is necessary to determine the cost ‘of the N,-th component pro-
duced by a factory, the calculations are conveniently made with the condition NMp, = Mp,
or Tp/Gp = To/Goi i.e., assuming that the required (on the average) amount of labor per kg of
structural weight is unchanged.

It is assumed that the relative productivity does not change. It is clear that the shorter
the time interval between the production of the components being compared, the smaller the
possible calculation error. (The error can be reduced by introducing a suitable coefficient
accounting for the planned labor productivity increase).

In this case,

ke = kg(0a/00) + RpgMa/Mo). (4.10)

Since the ratio of the number of components (new and baseline) constructed during the
same time period, on the same equipment, in the same production area, and with the same
number of workers is inversely proportional to the required manhour ratio N where N = (the
total manhours required to produce the series of components)/{manhours required to produce
a singte component).

This means that Np/No = To/Tn, and for Tp, = Mp,,

Ny = Np GnlGo. 4.11)

After determining N, and consequently, the corresponding year of production of the
baseline component, we can use relations of the type shown in Fig 4.4 for the calculation of
6o and M,.

If we wish to take into account the difference in the productioh areas and in the number
of workers: as an example, we can use the ratio

S prop Mwoy, /Sprao”woo

where Sp.o = Pproduction areas; and n,, = number of workers.In this case, the condition
Mp, = llp, is satisfied if

NnGn/Spron”wa,, = NoGo/Sproo”woo- (4.12)
The specific material cost M, is expressed in accordance with the fotlowing formula:
M, = GM,IG, + GyM Gy + ...+ GiM;lG, (4.13)

where G,, G;, .., and G are the weights of the component parts; and My, M,, ..., and M; are
the corresponding specific material costs of these parts.

We shall consider that M,/M, = 1 if the basic elements of the baseline and new com-
ponents are made from the same materials and in the same time period.

For example, if it is known that a new component has 16 percent of its weight in tita-
nium and the remainder in steel, then in accordance with the above assumptions, we can take

MpIM, = 0.85 + (0.15Mi/Mye).
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For the specific material cost of major elements such as blade spars for which special
tubes and special extruded profiles are used, we must use specific costs of semi-finished pro-
ducts in the calculations.

The nature of the variation of the quantity 8,, if not known, is taken from the latest
data on the norm-hour cost in the plant in which production of the new machines is planned.

The effect of introducing the correction &, into the calculation of the specific cost of
a newly designed helicopter can be observed by comparing Figs 4.2 and 4.7, plotted for com-

ponents of the same existing helicopters.
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Figure 4.7 Second regression analysis. Relationship between calculated and sctual specific
component costs of some production helicopters (notations same as in Fig 4.2).

In Fig 4.7, which shows the results of this calculation (with use of the coefficient k,),
the point scatter zone is considerably narrower and the location of the points in this zone is
more orderly in comparison with the similar zone in Fig 4.2. But the point scatter is still large
because there was no complete structural similarity between the examined analogous compo-
nents. However, all the calculations were made under the assumption that the coefficient
accounting for the design difference (peculiarities) was kg, = 1.

4.2.5 Influence of Design Pecularities on Helicopter Component Manufacturing
Cost

Analysis of the factors that determine the structural characteristics of helicopter com-
ponents and systems shows that the manhours required for their fabrication are determined
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primarily by the number of detail parts used in these components. The number of production
operations, number of assembly stations, riveted seam lengths, and so on, are directly or in-
directly related to this parameter. Another parameter which influences the manhours is the
required detail part fabrication accuracy and, naturally, the dimensions. Thus, the manhours
required to fabricate the helicopter airframe depends—in addition to the materials—on the
number of detail parts and their dimensions, length of riveted seams {number of rivets}, number
of production operations, and the required contour accuracy of the manufactured fuselage.

- A considerable part of the main-rotor and tail-rotor blade manufacturing cost is asso-
ciated with fabricating the spar blanks; the production of special extruded profiles made from
aluminum (titanium) alloys and special steel tubes, which consist of highly labor-intensive
operations (this labor expenditure is taken into account when determining the coefficient
ke). In spite of this, their cost is influenced by the number of detail parts and their dimen-
sions, the number of production operations, and the required fabrication accuracy and sur-
face quality.

The manhours involved in fabricating the main and tail-rotor hubs, swashplate assem-
blies, and hydraulic boosters are determined by the number and size of the detail parts, the
number and size of the bearings, the number of production operations, and the required fabri-
cation tolerances.

The manhours involved in manufacturing the transmission are influenced by the number
of detail parts and their dimensions, the required fabrication tolerances, the number of produc-
tion operations, and the number of assembly stations.

The manhours involved in fabricating the control system and the other systems are in-
fluenced by the number of detail parts, the number of production operations, the number of
assembly stations, and the required tolerances.

The quantities 7, and T, which enter through the quantities MNp, and Ilp, into Eq
(4.9) for the coefficient kg represent only a part of the manhours required for manufacturing
the entire assembly, since they do not include the manhours involved in fabricating the mater-
ials. Their values are determined from the condition that the newly designed and the baseline
assembly are similar. The difference between these quantities basically depends on the produc-
tion conditions (experience and qualification of personnel, equipment and efficiency of the
machining tools, and so on), and on the size of the units. The overall manhours can generally
be expressed as a function of the form

ETn = f(zm Am Yn)

where Z T, = overall manhours for fabrication of the n-th component; z, = number of detail
parts in the n-th component; A, = average manufacturing tolerance of the detail parts of this
assembly; and Y, = parameter accounting for other factors which influence the magnitude of
the required manhours (production conditions, choice of materials, and size). Since all of these
parameters are practically independent of one another, and since C, =f(ZT,), the expression
for the cost can be written in general form as

Co = kep (2ol (AR (V)

where kcn = proportionality coefficient characterizing the type of component; 11, m, and \ =
quantities characterizing the degree to which the corresponding structural and production
factors influence the cost of the assembly. We shall examine each of these parameters in more
detail.

Evaluation of aircraft assembly manhours (cost) on the basis of the number of detail
parts is nothing new. This quantity has long been used in engineering practice (for preliminary
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calculations). However, components consist of detail parts which are not commensurate with
respect to manufacturing manhours (and therefore, their cost). It is possible to evaluate the
manhours on the basis of the number of detail parts if, in order to reduce the degree of non-
commensurability, one introduces the ratio of the number of parts to the component weight
2,/Gp into the calculations®. :

The use of this ratio as the basic criterion in evaluating design economic efficiency was
initiated in the early 1970s.For example, the ‘‘design-to-cost’’ concept was introduced by
‘Boeing Vertol in 1971 in developing helicopters under the new UTTAS and HLH programs. The
previous Boeing Vertol philosophy-—‘"Design it right, make it light’’—was supplemented by the
new concept—"Design to cost, or all is lost”.3® In this connection, in addition to weight, one
of the primary indices measuring the quality of design work at Boeing Vertol became the num-
ber of detail parts in the unit being designed per pound of weight of each unit. The smaller this
ratio, the lower the cost. This situation is illustrated in Fig 4.8 which shows the statistical de-
pendence of the quantity Ajpy, characterizing the cost of the mechanical assemblies of the well-
known Chinook and CH-46 helicopters, on the ratio z,/G,>°. This relationship, defined for
components having fundamental design differences (main rotor hubs and swashplate assembly
elements) can be represented in the form

Am = kAM (Zn/Gn)o'61

where k4 M= proportionality coefficient accounting for various factors influencing cost which
do not vary within the scope of the given problem.
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Figure 4.8 Component Cost parameter Apg as @ function of the ratio of the number
of component parts to their weight: (1) aft main-rotor swashplate with boosters, (2)
forward main-rotor swashplate with boosters, and (3) main-rotor hubs

Figure 4.9 shows the relationship obtained by Boeing Vertol between the ratio z,/G,
for the airframes of the production helicopters of this firm and their weight. Itis claimed that if
the traditional design approach was used, the airframe of the ..ew UTTAS helicopter would
have a detail-part ‘‘density’’ z,/G, of about 6.2 parts per kg. With the new approach (the
design-to-cost concept), the reduction of the ‘‘density’’ by nearly a factor of 2 (to 2.85 parts
per kg) made it possible to reduce the airframe cost by at least 40 percent®®.

*The question of detail part cost noncommensurability wil! be more thoroughly examined later.
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Figure 4.9 2,/G,, ratio as a function of the airframe weight

The cost (manhours) of components fabricated from identical parts under identical pro-
duction conditions is directly proportiona! to the number of detail parts used in these com-
ponents. This is obvious. For example, with an increase of the main-rotor blade number from
four to five, it is clear that the main-rotor cost increases approximately in the ratio 5/4 if the
biade and hub link designs remain the same.” For such cases,

n = f[(zn)n] = kz,,zn

where k; - proportionality coefficient, equal in magnitude to the cost of a single part.

It is obvious that if G, = const, the expression C, = Kz, Z will be valid only tor abso-
lutely identical components manufactured under absolutely udentacal production conditions.
However, let us imagine some structure; for example, of the shell type, consisting of identical
detail parts, which is modified so that every two parts are replaced by a single part, while the
weight of the structure as a whole remains unchanged. Let us assume that the detail parts of
the original structure were obtained by stamping on a hydraulic press. We further assume that
on this same press it is also possible to stamp the details for the modified structure.

It is clear that under these conditions, the manhours required to fabricate a single detail
part of both the original and the modified structure will be of the same order. This is also valid
for a structure of a different type. Accordingly, the costs of these operations will also be of the
same order. It is also clear that when fabricating the modified structure, it is not necessary to
expend any effort on joining the two detail parts with one another as was necessary with the
old type.

Since we have assumed that the weight of the structure did not change during modifica-
tion, we can assume that the material cost remains approximately the same. We neglect the
cost of the attachment details ‘‘saved’’ upon changeover to the new structure {nor shall we con-
sider the number of these parts). It is not difficult to see that if the material cost and the cost
saved by reduction in the number of assembly operations are of the same order, then the cost
of the modified structure will be less than the cost of the original structure by the ratio of the
number of parts used in these structures; i.e., by a factor of 2 in the present case.

We further assume that our original design can be modified differently; namely, by re-
ducing the number of parts by several fold, rather than by a factor of 2. It is clear that the cost
of such a modified unit {assembly) can be expressed approximately as follows:

*Actually, the increase may be somewhat greater because of increased complexity of the hub
housing.
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Ch = (Zn/zo)cpart., + M, — Acparto

where Cpart, = cost of fabricating the detail parts of the original design; z, and z, are the
numbers of detail parts used in the modified and original designs, respectively; M, = material
cost; and ACp,/t, = cost saved in assembling the modified design.

It is convenient to transform this expression, dividing the number of parts of each com-
ponent by its weight, which can be done since, by assumption, G, = G,.
' Then,

2n/Gp
n =~ -zo—/G—o Cparto + M, _. ACparto-

Let us now suppose that the modification of the original design is accomplished both by
combining identical parts into a single part and by replacing some portion of the detail parts of
the original type by fundamentatly new parts. In this case, the following basic conditions are
again satisfied: A =const, and Y = const; consequently, G, = G,.

Although the costs of the individual parts of the modified design are not equal to one
another, we find that as a result of averaging these costs (in terms of the number of detail parts
per kg of overall weight), the expression derived above for a particular case is also valid in this
more general case.

Assuming that on the average, for designs of different types in analogous problems, the
vaiue of MO/ACP,,,O is close to one, we will have '

A z"/Gn .
n ~ zo/Go Cparto;

i.e., the costs of analogous-type structures which are of the same size, and made from the same
material and at ti:e same level of accuracy and under identical production conditions are directly
proportional to the number of detail parts used referred to weights of the structures. Therefore,
we can consider that the exponent 7 in the function C, = f[(z,)"] = f[(z,/G,)"] is approxi-
mately equal to one.

Now let us examine the next parameter infiuencing component cost. This is the average
level of component accuracy A,, required in fabrication of detail parts. Previously (see Fig
4.5), we examined the typical dependence of the required machining time on the established
tolerances in detail part fabrication. It can be expressed approximately by the function

Ci = ka;(A)?

where C; = cost of performing the i-th operation; A; = maximum allowable deviation from the
nominal dimension; kz, = coefficient accounting for other cost determining factors which, in
the present case, do not change. {Approximately the same character of cost dependence also
exists in the analogous case of streamlining of monocoque structures).

{f the average level of component manufacturing tolerance is defined as

Ap = EN; 12

where ZA; = sum of the maximal tolerances on ali the dimensions of the component parts
being fabricated; and X, = overall number of operations in manufacturing the detail parts; then
for the entire component as a whole, we can write

Co = FLAN™] = kp (A,)?2
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which is valid for designs differing only in the accuracy of their manufacture; i.e., here
ka; = ke 2n)" (Yq) = const.

The next cost parameter to be examined is the quantity Y,.
The cost of components of the same design, but manufactured from different materials
and under different production conditions can be expressed as

Co = FLIYRIEL = &y 1Y)

Here, &, n= const, but on the basis of the analysis made in the previous section, we have, for
the considered case,

Cn = k‘ﬂGnCTO
from which
(Yol = (Crolhy,keGn = K5 ko Gn

where k"'y n = const, since here, C To and k&, , 8re constant quantities.

Now let us turn to the general case, when the analogous designs differ in the number of
detail parts, accuracy of their fabrication, materials, production conditions, and size; i.e., to the
expression Cp = ke, {zp (AL (Y, }£On the basis of the relations examined above, the expres-
sion for the component cost can be presented in the form

Cn = kepzn(AnV?ReGp.

Ch = ’;c,, ke, Gn (2p/Gp ) ALYE.
The corresponding expression for the specific cost is
Cr, = kepken(2n/Gn)lAn)?.
Similarly, for the baseline component,
Cr, = Zco (20/Go)Ao)? (since ke, = 1),
then
Crn _ E,;,,k.,,(z,,/G,,)(l\,,)2

CTy  keolzo/GolAg)?

Let us assume that for components which are, in general, similar, the vaiue of the ratio
ke ,/Re , is close to one. On this basis, we write

Cr, = ke (2p120)(Go/GaMA /ALY Cr, (4.14)

from whicﬁ
Ra.p = (2a/2oMGo/Ga A G/ Ap)? . (4.15)

We shall judge the degree to which this last, and all the other, assumptions and hypothe-
ses used previously correspond to reality on the basis of the results shown in Fig 4.10 where our
third regression analysis is presented of the cost data of all those production helicopter com-
ponents which were used in the first two analyses of this sort (see Figs 4.2 and 4.7). Compari-
son of the results of these three regression analyses shows that Eq (4.14) provides the highest
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degree of agreement between the calculated and actual helicopter component costs. This
accuracy can be considered quite satisfactory for solutions of the basic problem, which we have
posed selecting the optimal parameters on the basis of the economic criterion. It is interesting
to note that Eq (4.14), which was derived for similar designs, also yields (as can be seen from
Fig 4.10), quite good agreement for components having fundamental design differences and, in
principle, makes it possible to use this technique in more general cases.
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Figure 4.10 Third regression analysis. Relationship betwsen calculated
and actual specific costs (notation same as for Fig 4.2)

Becasue of the special importance of the number of detail parts in evaluating component
cost, it is necessary to precisely determine which detail parts need to be considered in the caicu-
lations, and which do not. We have already mentioned the possible cost differences in the de-
tailed parts in a single component. For example, the blade spar is much more expensive than
the trailing-edge strip which, in turn, costs much more than a standard rivet. Or, in the case of
the main-rotor hub, the pitch bearing housing is not comparable in regard to cost with a roller
bearing or a standard bolt.

A still larger degree of difference may appear when comparing detail parts used in com-
ponents which are being compared with one another, but are of fundamentally different design.

Because of such striking contrasts, it may appear that the averaging of the detail part
costs introduced in Eq (4.14) through the ratios z,/G, and 2,/G, is not sufficient. We shali
show that this is not so. We arbitrarily break down the numbers of detail parts in the compo-
nents being compared into several groups such that in each group there are “‘combined’’ only
those detail parts which are approximately comparable with one another in regard to cost. For

the two components being compared, we write
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2, =20 + Az, 2y = Ay + By + My + Q + Fp,
Zo = Ap + Bo + My + E + Fp

where A = number of individual large detail parts whch are mandatory for a component of the
given type (characteristic only for a structure of the particular type); for example, the main-
rotor blade spar; 8 = comparatively small number of mandatory detail parts of smaller size; for
example, the blade attachment or main-rotor pitch-bearing housing; M = number of mandatory
detail parts of medium and small size; for example, the elements of the blade trailing-edge strip
and the bolts which fasten the blade attachment to the spar; Q and E = numbers of parts char-
acteristic only for a particular modification of the component of the given type; for example,
in the case of blades with extruded Duralumin spar, the honeycomb blocks for one version and
the ribs for another; F, and F, = numbers of small standard fasteners (which also include
small nonstandard detail parts) with overall weight not exceeding 1 to 2 percent of the overall
weight of the corresponding components {we included the large standard detail parts in the
preceding groups}.

We can exclude from further consideration the numbers of detail parts from the F, and
F, groups. We have mentioned previously that the number of fastening details depends in-
directly on the fundamental structural characteristics, which are determined by the basic detail
parts. The influence of the detail parts from the F group on the structure or, so to speak, the
reverse influence, is relatively weak. As a rule, the cost of these details in the overall balance is
very slight and can be fully accounted for through their weight.

In analyzing component designs of modern helicopters, it is not difficult to see that the
probability of ““encountering”—in the Q and £ groups—detail parts comparable in cost to those
from groups A and B is small. However, the cost of the detail parts from groups Q and E is
basically of the same order as those from group M. It is clear that the average cost per detail
part in any particular group cannot differ as markedly from the cost of the individual detail
parts of this same group, as the cost of the latter can differ from the average cost of a single
detail part of the entire component. .

Now, we shall examine some possible cases. If the newly designed component and the
baseline component are similar in construction and nearly of the same size, then A, = A,,
and B, = B,. If 2o = 2z, and M, = Mo, and hence, (zp/20) = (Q/E); this meais that we have a
ratio of detailed parts approximately equal in cost. If z, = z,, but M, # M, consequently,
Q # £, and the conclusion still remains the same.

indeed,

Zy  Up+ By M)+ Q A+ B+ Mo) + My — Mo + Q

z, Ao+ Bo+Mo) + E (Ag + By + M) + E

v

or zp/z = My — My + Q)/E; i.e., in this case also, the cost commensurability principle is
not violated.

Now, we shall examine the case where 2, # Z,, but the components are similar in size.
Let z, =i + Az, where 2, = Z,. In addition, let Q# E,and M, # M, (but in accord with
the general condition, A, = Ao, and B, = B, ). Then we can write 2, /2o = (2,72,) + (A2 2,).
In accordance with the above-discussed example, 2,72 = (Mp'— Mo + Q)V/E, where M,'and Q'
are the numbers of detail parts arbitrarily taken from groups M, and Q satisfying the condition
My +Q'= My +E linthiscase, 2y = Ap + Bp + My + Q"= Ao+ Bo + Mo * E). Then,

Az (Ap+BptMy+Q) — Ag# By + Mo +E) M, —Mo+Q—E

Z0 A, +Bg* My +E Ay * By) + Mg #E)
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But the quantity A, + B, is usually much smaller than the quantity M, + E. Therefore, with
some approximation ’

Az~ M, — My) + (Q — E)

Z, My, + E

and finally,

z, My =My +Q (M, —M,) + (Q — E)
F7 F * Mo + E

i.e., again, in this case, we have the ratio of commensurable, cost-wise, detailed parts.

We can visualize still other cases which may be encountered when making practical
calculations.

' Let us assume that due to special circumstances, it is not possibie to select a baseline
component which is completely similar to the new design. For example, a fresh design is being
made of a seven-blade, main-rotor hub. Among the existing designs which are close in size and
similar in the type of their pitch-housings, there are only five blade designs (2, = 7z,/5). Itis
obvious that with respect to this example, 2,/z, = 7/5 or, in more general form, z,/z, =
24, Q/ Zpi, E, where zp, and 2zp,, are the numbers of blades of the compared main rotors.

We see that everything again reduces to the ratio of commensurable detail parts.

Another example: there are no baseline components that are similar in size. The existing
component, which is similar in design, is only half the size (with regard to weight). Can we, in
this case, take this component as the baseline unit? This is possible, since the ratio (2,/z,)
appears in Eq (4.15) together with the ratio (G,/Gp); i.e., we do not simply compare the num-
bers of detail parts, but rather the ratios of the numbers of parts per kg of component weight
(2,/Gp)/(2,/G,). Thereby, the scale factor is taken into account.

In this case, we can obviously expect a larger calculation error. However, the analysis
results shown in Fig 4.10 indicate that this error may not be excessive even if the compared
components differ significantly (by several fold) both in size and, as mentioned above, in type
of construction. This makes it possible to use this technique to calculate the specific cost of
newly designed components (Eq (4.15)) for preliminary estimates even in the extreme case
when we are comparing non-similar designs; for example, piston and turbine engines, main-
rotor hubs having elastomeric bearings and hubs having conventional bearings, and so on.

Substituting the expression for k, from Eq (4.9) into Eq (4.15), we obtain the ex-
panded expression for the specific cost of the n-th component

G 2 8,1 M
cr, = 20/Gn (Ao kg——L2 + kyy—")cr, (4.16)
2,/Go A, Goﬂpo Mo

In the subsequent sections, we will refine the limits in which this formula provides
adequately .valid calculation results.
The overall cost of the n-th component can be expressed as follows:

znf Ap\? v, M
no) kgA"p"+k n

Co = GoCp. = —2[=2 L\ ¢ (4.17
mETe T \A, 0ollp, M M,|° )

If the average levels of accuracy of fabrication of the new and baseline components are
the same, then

Cp = kglzp/20)Co. (4.18)
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If, in addition, they are manufactured in the same production areas, from identical
materials, and in the same time period, then :

Cp = (25/20)C, . (4.19)

However, it does not follow from this formula that by combining two simple detail parts
into a single unit, we can always reduce the cost of the assembly, even when the new part is
more complex than the original one. The reason is that in practical design, the combining of
two parts into a single unit is accomplished on the basis of the accumulated technological ex-
perience, and replacement is not permitted if the overali cost of manufacturing the two parts is
less than the cost of fabricating the single unit which is intended to replace them. For example,
it is obviously advisable to replace a rib consisting of a web with stamped stiffeners and angle-
profile flanges which are riveted to the web by another rib which is stamped integrally together
with the stiffeners and flanges on a hydraulic press. But it was not advisable to mill, from a
single blank, the swashplate for such a large helicopter as the Mi-6. Therefore, it was welded
up from several elements.

4.1.6 Estimating the Number of Detail Parts of Helicopter Component
in the Early Design Stages

The question now is how to obtain the ratio Zp/ z, for each component in the concept
formulation and preliminary design stages. We shall consider this problem on an example.

in application to the designs of two similar main-rotor hubs, the ratio of the numbers
of their detail parts can be expressed as follows:

2pf2g = 1 + (2, —25)/2,.

The numbers of large indispensable details of the new and baseline hubs are equal to,
or represent multiples of, one another

An = (2b1,/2015)A0, Bn = \2b1,/2p1,)Bo

where zp; = number of blades. This is also true for parts of small indispensable details from
group M,. We denote this number by M,

My = (2p1,/2p1, Mo’

The numbers of details of these groups are independent of the loads determining the
dimensions of these details, and other design factors as well. In the subject case, the determin-
ing load is the blade centrifugal force.

The other factors include the necessity for ensuring adequate rigidity of the structure,
reliable sealing of the hub hinges, and so on. With an increase of the main rotor size, the num-
ber of bearings also increases, because of the increase in centrifugal force, the sealing system
becomes more complicated, and because of this, the new detail parts are introduced into the
design. In other words, the numbers of remaining detail parts from groups M, Q, and £ depend
directly or indirectly on the centrifugal force, Np;.

For the same number of main rotor blades.

z, = A +B+Mn'+’ﬁhubn Nb/n,' 2o = A +B8+ M, + rﬁhuboNblo

where A = hub core; B = pitch housings; and M, and M, = other indispensable elements of
the hub structure, the number of which is independent of the centrifugal force (small standard
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joining elements are not considered in the calculations); (mpyp Nps) = numbers of detail parts
of groups Q and £ (bearings, seals, nonstandard and large standard joining elements, and other
detail parts) which are determined by the scale factor; mp,p = coefficient of proportionality
characterizing the particular hub type. Then

Zp/zo = 1 + MpypNps, _Nblo)/za'
For different number of blades in the new and baseline rotors
2a/zo = [1 + MpypWNpi, —Noigh2oWepip/zp1,)-

Analogous relationships can also be obtained for other similar components. For this, we
must first consider the detail parts of the components by groups and then find the dependence
of the number of details from groups Q and £ and, in part, from groups M, and M, on the
loads which determine the number of these parts. Having such relationships for ali the basic
components, we can calculate the cost of fabricating the helicopter as a whole. The coefficients
of proportionality /M, are determined with the use of statistical data for each type of compo-
nent design. The technique used to determine these coefficients will be examined in detail in
the next chapter.

4.1.7 Dependence of Helicopter Component Manufacturing Cost on
Machined Surface Area

Let us now determine the range of applicability of the family of formulae as given by
Egs {4.15) to (4.19). Specifically, will Eq (4.19) be valid if we take as the baseline component
one which is similar to the one being designed (with the same number of detail parts) but
significantly different in size from the latter? This, obviously, cannot be done without intro-
ducing a suitable correction. For example, if we take, as the baseline, the Mi-2 helicopter main-
rotor blade extruded spar together with the root attachment, then in accordance with Eq (4.19)
it should be nearly equivalent with regard to cost to the similar Mi-8 helicopter blade element
which is analogous in construction and has nearly the same number of detail parts. In actuality,
the Mi-8 helicopter spar has considerably more machined surface area, and thus, is more expen-
sive for the same production conditions. For all designs consisting only of a fixed number of
*independent’’ detail parts, the part ‘‘density’’ in the component decreases with increase in the
component size to the same degree by which its weight increases and consequently, in accor-
dance with Eq (4.19), the calculated cost of its fabrication will be independent of the size. It is
obvious that in reality, in this case, the cost must incresse with increase of the size.

The question naturally arises of how was it possible to obtain satisfactory agreement of
the calculation results with the actual data which was illustrated in Fig 4.10.

In the preceding subsection, we noted that with increase of the component size, even if
the designer attempts to maintain complete similarity of the design, he is still forced to increase
the number of detail parts because of the scale-factor effect to ensure adequate stiffness,
strength, and so on. It is obvious that for certain subassemblies of this component, the increase
in the number of detail parts cannot be expressed precisely as a continuous function of any
parameter characterizing the size increase. Up to some point, we can obviously increase the size
of the individual subassemblies of the component without increasing the number of detail parts.
But for the component as a whole, if we are talking about the primary helicopter components,
each having several thousand detail parts, we can consider approximately that the increase
in size is accompanied by a continuous increase in the number of detail parts. It is difficult to
imagine the design of any basic helicopter component for which it is possible to maintain the
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number of detail parts completely constant in case of any significant change in its dimensions.
This obviously helps to explain the good agreement of the calculation with the actual data,
which was demonstrated above.

Nevertheless, we shall attempt to improve the “mechanism’’ of the considered formulae
which take into account the change in the cost of the assembly with change of its dimensions.
We can see that this “mechanism’’ operates very simply (for example, see Eq (4.17)): the com-
ponent unit cost, determined on the basis of the baseline component unit cost is multiplied by
the weight of the new component. It would seem that all the factors which depend on size and
influence the cost would be taken into consideration in this way. However, as we noted above,
because of the influence of another '‘mechanism’’ of the proposed method, taking into account
the unit cost variation with change of the detail part “’density”’, for subassemblies with the same
number of detail parts, we find that to the degree to which the first component is heavier than
the second component, the unit cost of the second will be many times higher than the unit cost
of the first. In order to compensate for the possible resulting calculation inaccuracy, we must
introduce an additional correctiori. We denote it by AC;.

We should point out that the importance of this correction in the overall cost balance
will not be very large (see Fig 4.10).

It is obvious that the growth of the cost of a component with increase in its size, while
retaining the same number of parts, will be associated primarily with increase of the machined
surface area. Therefore, it is natural to take a quantity being a function of the following ratio as
the correction:

ZSmach,!ESmach, Where ZSmach,, and ZSmach,

are the overall machined surface areas of the similar detail parts in the new and baseline assem-
blies, respectively. However, since, in the preliminary design stage, these values are not known
and furthermore, the influence of the quantity AC; is not significant, we can make a very
rough approximation by assuming that

ZSmach, = ksSp and ZSmachy = ksSo:

i.e., the overall machined surface areas of all the detail parts of the similar components are pro-
portional to the sum of the side surface areas (S, and S, ) of the considered components. Here,
k; is a coefficient of proportionality. Then

AC = (Esmach,,/zsmccho)h i (S,,/So)h = CT,,/kakd.pCTa-

The exponent h obviously cannot be equal to one, since the quantity A C; considers
only the change in the required machine time. There is practically no change in the assembly
operation manhours, overall number of operations performed (both machining and inspec-
tion) of preparatory operations manhours, preparation of the technical documentation, and so
on (the material cost is taken into account by the coefficient k4 and the weight).

It follows from analysis of the statistical data that for most components, # =0.25;i.e.,

AC, = VS, /5,
Thein Eq (4.2) takes the form
4’_—-!
Cr, = kekapV SnlSoCr,. {4.20)

Eqs (4.16) to (4.19) change correspondingly. We see from examination of Fig 4.10 that
when developing new components based on the classical scheme, there is no need to introduce
any corrections into the calculations.
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However, when using the proposed method for nontraditional designs with a large per-
centage of ‘“indispensable’’ detail parts, it is advisable to introduce the AC; correction into the
calculation.

4.2 Estimating Direct Operating Costs

By direct operating costs, we usually mean the expenses for amortization, maintenance,
flight crew wages, and fuel plus oil costs. The amortization charges constitute a significant part
of all costs {usually more than 60 percent). They are subdivided into the so-called replacement
costs and major overhaul costs2. The replacement costs are practically equal to the helicopter
manufacturing costs and constitute a large part of the amortization costs.

If we had an absolutely reliable method for calculating the manufacturing cost of com-
ponents, we would have the “key’” to overcoming the considerable difficulties which usually
arise in estimating helicopter economic effectiveness. This will be shown below. It is conven-
ient to calculate the operating costs by referring them to the total helicopter flight time; (i.e.,
per flight hour).

4.2.1 Annual Flight Time. Helicopter Amortization and Calendar Periods
and Depreciation Period :

The replacement cost is, in essence, that part of the helicopter that “’disappears’’ per
each hour of flight. By definition, upon complete retirement of the helicopter, its amortization
is 100 percent, and the total replacement cost should be equal to the helicopter manufacturing
cost (for the operational organization, the replacement cost will be equal to the helicopter
price).

When helicopters were first introduced to Aeroflot for civil operation, in calculating the
flight-hour cost, the replacement fraction was, by analogy with airplanes, defined in terms of
the ratio of the helicopter airframe and engine price (minus the 5-percent representing residual
cost ~ metal scrap cost, etc.) to the established overall service life (amortization period ex-
pressed in flight hours). In this case, by airframe we mean the entire helicopter with all the
components other than the engines. This method has several drawbacks.

As a rule, the overall service life of the helicopter dynamic system elements is consider-
ably lower than the service life of the entire hleicopter. These elements are replaced several
times during the complete operating life of the helicopter. Expenditures for replacing these
components (main and tail rotor blades and hubs, gearboxes, transmission shafts), the costs of
which, although lower, are very roughly commensurate with the engine cost, and were con-
sidered part of the major overhaul costs, which were very roughly estimated.

Another drawback of this technique is that the calendar aspects were not taken into
account in estimating the replacement costs. As is well known, in addition to the component
service life in flight hours, their service life is also established in terms of years of operation
{because of corrosion, aging, etc.). In practice, it is very likely that helicopter operation may
have to be terminated because of the calendar time expiration, even though the established
overall technical life in flight hours has not been used up.

In addition, the values of the overall technical service life used in the calculation did not
refiect the full potential capabilities of the helicopter structure. [For many reasons, it is diffi-
cult to determine the full service life potential of the airframe at the time a new helicopter type
is introduced into operation. The preliminary amortization and calendar lives are estabiished
for the airframe on the basis of similarity with a predecessor helicopter that has been in opera-
tion for a long time.] As a rule, these overall technical service lives are extended as operational
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experience is assimilated. For example, the preliminary overall technical service life for the air-
frame of one well-known helicopter initially did not exceed 5000 hours. At the present time,
the fleet-leading helicopters of this type have flown approximately 12000 hours each. Further-
more, they have been in operation for more than 15 years. But even these life extents do not
appear to reach their limits from the viewpoint of potential capability of the structure.

A conseguence of this approach is the fact that the average annual flight time of any new
helicopter type is estimated without accounting for the actual capsbilities of the machine in
question. It seems obvious that the annual flight time should slways be so-selected that the
overall technical life of the particular helicopter will be used up before the calendar limitations
come into play.

When using this approach, no specific account is taken for whether or not the helicopter
can perform normal flights at night or under adverse weather conditions. These capabilities
depend on the level of the radio-navigation equipment, automatic flight control, and anti-
icing systems. Nor is consideration given to the time expended in loading and unloading opera-
tions, which depends on the efficiency of the loading and unloading equipment, and the time
spent in performing various sorts of repairs and maintenance which, in turn, depends on the
design of the given machine. For all of these reasons, the calculations made using this technique
are of an arbitrary nature.

In the methodologies adopted by certain foreign aeronautical companies, such calcula-
tions are based on determining the number of years in the course of which the helicopter will
justify all the costs and bring in a profit. This period is established with account for the service
life and calendar limitations as a function of the planned flight rate, and usually amounts to
B—10 years. In this case, the residual value is taken, on the average, as 20 percent of the original
cost. The customers require, from the helicopter manufacturers, technical and organizational
guarantees ensuring the required helicopter operating rate; for example, 1600 hours a year.
These guarantees consist of agreements to deliver spare parts at strictly established times, and
provide the helicopter with special rigging equipment and tools which would make it possibie
to meet the helicopter servicing standards established by the manufacturer. The helicopter
manufacturers also guarantee the corresponding service life of the components. The parts
representing replacement costs are estimated a: 80 percent of the initial helicopter airframe
price, referred to the period of the service life established by the meanufacturer in years,
times the guaranteed annual flight time (in hours). The engine replacement costs are similarly
determined. With the aid of this approach, the operating companies basically protect them-
selves against errors in estimating the cost per flight hour (at the expense of the manufacturers,
who take a definite risk in establishing sufficiently long overall technical life of the airframes
and other helicopter components in the initial operating stage).

However, in spite of some advantages of this method in comparison with the previously-
considered one obtained specifically by introducing into the calculation a technically rational
value of the maximal possible annual flight time (the actual time required for repair and main-
tenance is. established on the basis of special tests of the new helicopter), this new technique
cannot be used to solve our problem because of several arbitrary assumptions; for example,
why should the helicopter, after 10 years of operation, be worth 20 percent of its original
cost?

We shall use a technique which is a modification of the two methods just examined.

We will determine the magnitude of maximal possible annual flight utilization as follows.
We take the maximum number of hours which the helicopter can fly under ideal operating con-
ditions as this quantity. In the latter, we would consider such conditions under which the heli-
copter is on the ground only because of technical reasons which result from design peculiarities.
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While the requirements of the purchasing agency with respect to flight hours may be higher
than this quantity, the actual hours flown by the operating organization, because of their capa-
bility, may be lower. We denote this quantity as k,.;; (number of flight hours per year). 7,

is the maximum number of operational flight hours (utilization) for the helicopter throughout
its useful life, which we denote in calendar years as 7.4,. Then,

kutit = Tutill Teat (4.21)

or, if Tyenand Toq are expressed in the same units of time, k% ¢ir = Ty ¢is/ Tcar becomes a non-
dimensional coefficient characterizing the complete utilization of the overali calendar time for
flights.

The bar graphs in Fig 4.11a show the operation of one well-known cargo transport heli-
copter—the Mi-6 (related to the initial stage of operation of machines of this type), We see from
this diagram that the time required for performing preflight and postflight operations, plus the
time for scheduled maintenance occupies a considerable portion of the calendar time of opera-
tion. Even when considering the time limitations associated with night and bad weather, and
the time expended in loading and unloading operations and on major overhauls (these time ex-
penditures are not shown in Fig 4.11a), the flight time is only 12 percent (k*, iy =0.712);i.e.,
Tuteir is an order of magnitude lower than T.,. Fig 4.11b shows a diagram characterizing the
typical relationship between flight time and the other time required to conduct the various
operations needed to support this flight time.
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Figure 4.11 Breakdown of helicopter operating time: (a) program of Mi-6 helicopter operstion; 1) prelim-
inary preparation; 2) preflight preparation, 3} flights, 4) return flight preparation, 5] postflight servicing, 6)
work through 102 5 hrs, 7) work through 25 hrs, 8) work through 50 hrs, ) work through 100 hrs; (b)
typical relationship between flight time and time spent on routine maintenance, major overhaul, and down-
time for modern helicopters: (1) routine maintenance, (11) major overhaul, (111) downtime becsuse of weather
and darkness, (1V) loading-unloading operations, and (V) flights.
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In accordance with the definition of the quantity k,.;;, we can write
36524 = kytit +* Tmo * Teom + Tinsp + Trw + Twea.n (4.22)

where T, o = time expended on major overhauls of the helicopter in the course of the year, in
hours; T,.m = time expended in the course of the year in performing scheduled maintenance,
in hours; Tipep = time expended in the course of the year on technical inspection and servicing,
in hours; T;,, = time spent on the ground in the course of the year for conducting loading and
unloading operations, in hours; Tyes.n = overall time spent during the year on the ground be-
cause of bad weather and nights, in hours.

The time expended on major overhauls can be expressed approximately by the rela-
tionship

Tm.o = Zim.o/MwMm.0 = (tm.o,,,, + tmopyp t -t tm.on)”;n,o/nwmm.o (4.23)

where Ztpy, o = overall manhours required for major overhauls per year of operation; ty o eng -
manhours needed for major engine overhauls; tm o), b= manhours required for major overhaul

‘ of main-rotor hubs; ty o, = Mmanhours for major overhaul of the n-th component; n'm.o =

: number of major overhauls per year. [One of the primary requirements imposed on modern

| helicopters is that of equality (or muitiplicity) of the TBOs for the basic components] ; mm o =
overall number of factory, engineering, and technical personnel occupied with overhaul of the
given helicopter; 7, = dimensionless coefficient expressing the relationship between the
number of workers and the calendar hours per week (for example, for an 8-hr working day, two
days off per week, and single-shift operation, 7, = 8:5/24+7).

The number of workers required is obtained from the data of any existing overhaul
organization. Data on the manhours required to overhaui the individual components can be
determined similarly to the evaluation of their manufacturing labor requirements. This ques-
tion is examined in more detail in the following subsections of the present section.

Analogous to the determination of the quantity T, o, we can estimate the quantities
Ts.m and Tipsp. '

Tem = Ztymitwmg o (4.24)
and
7-im'p = zrinsp/nwmimp (4.25)

where Zt, ,, = overall scheduled maintenance manhours per year; E!inm = overall manhours
of preflight and postflight inspections per year; m; ., and mjnep = number of ground technical
personnel involved in performing scheduled maintenance and technical inspections (taken in the
calculations to be equal to the corresponding number of ground personnel servicing the existing
helicopter selected as the baseline vehicle).

The method for estimating the technical servicing manhours will also be presented in the
following subsections of this section.

In order to estimate 7, ,, we take as the basis some average transport operation. Let us
assume that on the average, a numbers of workers equal to m, , will participate in each such
operation. We shall assume that for a single flight. the helicopter is loaded completely with cargo
weighing Gp /... - Then it flies a distance L/2 to the destination at a cruise speed of V., is
completely unloaded, then is loaded with another cargo whose weight is 2Gp ;. ox’ and returns
to the base airport where it is again unloaded. We shali also assume that only the cargo-loading
equipment which is on board the helicopter is used in this operation (winches, portable ramps,
conveyors, and so on). We denote the average value of manhours needed for loading and un-
loading operations for one such flight {out and back) as ¢, ,. Then,
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Tiu = Lyl dn,m, = 2t ,/n,m, (4.26)

where n, ;= average number of flight per year.

Finally, we discuss the quantity T,,, .. which is determined for the average weather
annual conditions in a particular geographic region. 7,,,, , = 36524k ., ,, Where K, 0 i
a coefficient characterizing the effectiveness of the radio-navigation equipment, anti- -icing sys-
tem, autopilot, etc. For example, if the equipment installed aboard the helicopter makes it

-completely capable of “‘all-weather" operations, then &,,,, , = 0.

We assume that the quantity n,, is the same in Eqs (4.23) through (4.26). Then, substi-
tuting these equations into Eq (4.22), we obtain

zt Zt Zt; Zt
244365 ~ kuu‘l + m.o.h + s.m + insp + l.u + 24'365kwu.n

MwMm.o MwMs.m MwMinep  TMwhy,

But, Zmo.n/Rysis = tm.o.n is the major overhaul manhours per flight hour; it ml Ryt =
Us.m is the scheduled maintenance manhours per flight hour; Ztinsp! Ruytit = tingp 18 the se-
vicing manhours per flight hour; and Zt; ,/ky.is = t}., is the cargo handling manhours per flight
hour. Then,

t t t; t
m.o.h + §.m + insp + l.u +7

24+365(1 —Rypgen) = kyir
wee-n ue TwMm.o NwMs.m nwminsp NwMyy

and
24+365(1 — k9 )
Ruir = v = n - (4.27)
7 + m.o.h + &.m + insp + l.u

NMwMm.0 MwMs.m nwmin:p MwMyy
The quantity ¢ ‘.v in this formula can be expressed as
t'l.u = tl.u Vcr/L'

since 71, = Rypit/(L/V,,) (see Eq(4.26) Here, t, , for the newly designed helicopter (we de-
note itby t,, n) can be related to the analogous quantity for the baseline helicopter ¢, vo by the
formula

Uup = $1.u'Gp.1y /G p.1,) tu,

where {; , = coefficient expressing the relationship between the manhours for loading and un-
loading operations when using different types of helicopter-installed cargo-handling mechanisms
and devices. If the manhours used in manual unloading and loading cargo with a standard con-
veyor, for example, is taken as unity, then when using winches of a sufficient lifting capacity,
this coefficient may be reduced to 0.5; when using winches and roll conveyors, it may be re-
duced to 0.3; and when using telphers and winches, it may be reduced to 0.16. For example,
if only winches were installed on the baseline helicopter and both winches and telphers are
installed on the newly designed helicopter, then $1u = 0.75/0.5.

Data regarding productivity for cargo-handling operations when using various mecha-
nisms and devices are taken either from the results of special tests or from statistics. The
methods for estimating the remaining ¢’ values in Eq (4.27) will be examined below in the
corresponding subsections of this section.
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Now, having a method for estimating the maximum possible annual flight time, we could
easily solve the entire problem of the replacement cost share in the cost per flight hour, if we
could predict, with sufficient accuracy, the total potential service life of the aircraft, both in
flight hours and calendar years.

In principle, when starting the design of the new machine, we could take Ty, equal to
the known amortization period 7[,,,10 established for the baseline helicopter and correspondingly
take 7¢,y, equal to the calendar limitation time, Tcq/,, Of the baseline machine.

Then the requirement for satisfying the limitations of flight time and calendar time
would be obtained under the condition

Eti/”/kutil = Egi/o/kutil < Tealp = Tc.lo (4.28)

However, with this approach, just as in the case of the methods examined at the be-
ginning of this section, the question of the true overall service life for both new and baseline
helicopters will remain unanswered. In order to avoid this difficulty, we proceed as follows.
We divide the problem into two parts. We then remove from the system the following com-
ponents which are traditionauy vonsidered as part of the airframe: rotor blades and hubs,
swashplate assembly, gearboxes, transmission shafts, hydraulic boosters, and landing gear. As
we have already mentioned, these assemblies (except for the landing gear), together with the
engines, are customarily termed “dynamic components’’. Now, we shall solve this problem
separately for the dynamic system and for the airframe. In the first case, on the basis of numer-
ous dynamic tests and experience in operating several thousand helicopters, the overall poten-
tial service life may, in most cases, be determined quite precisely. Since the weight coefficients
used to estimate the weights of such components (see Ch 2) are connected in a definite way
with their service lives and since, in selecting these coefficients we begin wit!i the fact that the
service life level of new components will be at least as high as before, we can, in the early design
stages, take the overall potential service lives of the new and baseline components to be equal.
We can also take the calendar limitations to be the same.

As for modern helicopter airframes, on the basis of existing concepts. we can assume
that their total service life potential is considerably higher than the maximum values which are
known at the present time (on the order of 12000 hours). Because of the higher vibration level,
more frequent overhauls may be required for the compound helicopter airfraiie than for the
airplane. However, the potential service life of the compound helicopter airfraric may be signif-
icantly longer than that of the airplane because of the greater complexity and “criticality’’ of
the structural airplane elements. For exemple, the airframe of the airplane includes the wing
with all its mechanisms which, since it is the basic load-carrying system, determines flight
safety. On the other hand, the wing which is sometimes installed on the helicopter is obviously
not its primary lifting system. Even if the helicopter wing fails in flight, the probability of a
serious accident is not very high. Nevertheless, the depreciation life established for helicopters
have been shorter by a factor of 2 to 2.5 than those for airplanes. The annual flight time of
modern helicopters, because of the nature of their operation, has not exceeded a few hundred
hours on the average. Only a few machines in isolated years of operation had flight times
exceeding 1000 hours. As to the calendar life for these helicopters, it has now reached 15 years.
With this relationship of these numbers, it has not been possible to confirm, by actual operating
experience, that the airframe of any helicopter has a depreciation life on the order of 30 000
hours: i.e., the same as for the passenger airplane. It is obvious that with time both the average
annual flight time and the calendar life for helicopters can be increased. But then, in place of
the calendar life, another constraint becomes effective — the helicopter obsolescence life. The
operating life of helicopters of a given type will come to an end before reaching the deprecia-
tion life, since new, more efficient, and more productive helicopters will come into extensive
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operation. For example, it might become necessary to change over the production area used to
make spare parts for older helicopter models to incorporate spares for the new model.

At the present time, we can consider that the calendar life and the obsolescence life are
approximately equal.

On this basis, we take the calendar life as the governing constraint in estimating the air-
frame depreciation life. In so doing, we shall consider that T4/, = Tcqs,. Then the deprecia-
tion life {utilization time in hours) is

Tutit, = Rutit, Tcal, -
n n [

This equality should be written more exactly in the form

Tutil,; = fc,ckutil,, Tcalo (4.29)

where {c'c = correction coefficient accounting for the true relationship between the potential
service life of the baseline helicopter airframe (T,,,,-;o). if it can be established, and the product
kytit, Tcary) For Tutiny, 2 Rutity Tutity. the quantity §, . is taken equal to one. Now, after
finally obtaining the expression for the helicopter depreciation life, we can turn to the de-
termination of replacement costs of helicopters.

4.2.2 Replacement Costs of Helicopter Airframe Dynamic System Components

We mentioned previously that since the weight of the helicopter dynamic system com-
ponents is associated with the service life “postulated’’ during their design, the corresponding
component service life is ensured by selecting the weight coefficients. The graphs considered
in Ch 2 give the statistical weight data of modern helicopters having the service life of major
components of the dynamic system reaching, on the average, 2500 to 3600 hours and, for
particular components, up to 7000 hours. The calendar life established for these components
is five years and longer. Therefore, even for relatively short annual flight times (several hun-
dred hours), the governing limitation in estimating the replacement costs of these components
is their potential service life. Consequently, the number of required components of a given
type for the entire operating life of the new helicopter may be expressed in terms of the ratio
of the overall fiight time 7,4, to the potential service life of the component (/?,0 T = B,D'T):

Neomp = Tutitg 2T = Se.ckutiry, Teaty/PET (4.30)

where 7:omp = total number of components of a given type, including those installed on the
helicopter during manufacture {if 7y¢is, is not a multiple of H,o' LS Neomp should be increased
to the closest integer).

It should once again be emphasized that in the present case, we are discussing the ‘‘postu-
lated’ service life {computed potential) of the component which is gradually achieved only
after conducting various tests and after relatively extensive verification of the component
during operation.

For example, the postulated service life of the main rotor blade must be at least 2000
hours. However, the first production blades of a given type delivered for operation are not
tikely to reach this service life immediately. The initial service life (only a few hundred hours)
will be increased gradually if the results of operation of a considerable number of blades of this
type are positive. In the final anatysis, the magnitude of the postulated service life of a com-
ponent can be increased thanks to the introduction of improvements in its structure and tech-
nology of manufacturing processes. But in order not to complicate the problem, in evaluating
the operating costs, we shall assume that the service life remains constant. We shall also assume
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that after complete amortization of the helicopter components, 5 percent of their original cost
(scrap value) remains. Then the cost per flight hour for replacement of the dynamic system
components can be expressed in the form

0.95(ngpng Ceng + Nm.g.b Cm.g.p *.t Na Cn)
%, =

(4.31)
gc.c kutil,, Tcala

where @4.c = cost per flight hour for replacement of the dynamic system components; /lgng.
Nm.g.p, Mn = number of dynamic system components (engines, main gearboxes, etc) used
during the time Tyjy,-The airframe replacement costs per flight hour is

0.95C, ¢

¢ = . (4.32)
fc,ckuti/,, TCIID
The per-flight-hour replacement cost of the helicopter as a whole is
0.95(Cq.f + NengCang + Nm.g.6Cm.g. +..+n,Cp)
Ope = 945 t Gat = 8.0 " Mong ~ang " "mg.b7m -0 n-"' (4.33)
gc.c k util Tcal,,
Since, for the individual dynamic system component
0.95n,C, 0.95C,
an = = (4.34)
" fc,ckutll Tcol Pno' T
then
Ca.f C Cm.g. C
aner = 0.95 : + 5 + Dl 4 (4.35)
g'c.c kutil Tcnl eng en.g.b Pn

We see that Eq (4.36) for calculating this type of amortization cost takes into account
both the flight and calendar service life of the helicopter components.

4.2.3 Major Overhaul Costs

The second component of the amortization costs are the costs for major overhaul of the
helicopter components.

As is well known, the major overhauls for modern helicopters are, on the average, per-
formed every 1000 to 1600 flight hours (if there are no earlier calendar limitations). This life
will obviously increase significantly for helicopters of the future. With the exception of modern
main and tail rotor blades, the structures of which are still considered unsuitable for overhaul,
the dynamic system components can be subjected to major overhaul two, thre<, and in certain
cases, more times. Minor blade repairs which are not of a major overhaul type sre possible. The
potential service life for the n-th component can be written as

P’g.T — (z + I)Pt.b.o (4.36)

where Z = allowable number of major overhauls; pt-b-2 = time between overhauls in flight
hours (TBO): PF0-¢ > Pguar Where the latter is the service life guaranteed by the manufac-
turer.
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The times between overhaul established after each overhaul are not necessarily equal to
one another. The time to the first overhaul may be longer than the TBO after the second and
third. This is basically explained by the fact that at some overhaul facilities, it is, for many rea-
sons, difficult to provide the same level of technological expertise as that supplied at the heli-
copter manufacturer’s plant.

In some foreign firms, a mode of servicing thecustomer’s helicopter is adopted in which
the major overhaul is performed at the manufacturing facility. This makes it possible to establish
identical TBOs for the components after every overhaul. We shall adopt this system for our
problem, and shall consider that B,"b"’ = const for all the examined cases.

In the well-known methods, the major overhaul cost is estimated on the basis of sta-
tistical data

C"° = ayCpimo (4.37)

where C",',"" = cost of major overhaul of the n-th component; a, = constant statistical coeffi-
cient derived on the basis of actual overhaul expenditures for the corresponding components of
helicopters which are in operation; and iy, o = Z allowable number of major overhauls.

However, this method does not assure that possible calculation errors will not be exces-
sive. And this is so even when the ‘‘scatter’’ of the statistical data used to determine the coeffi-
cient a, is small. Since this value is usually taken to be the same for all like domponents of
different helicopters regardiess of the degree of similarity of their construction, the calculation
error when using this method may be so large that the method is not suitable for our purpose.

Let us examine, in somewhat more detail, the basic operations performed in major over-
hauts of the component. We shall consider the basic operations in main-rotor hub overhauls as
a typical example:

(a) Complete disassembly,

(b) Cleaning of the parts,

(c) Thorough part inspection, during which the parts found defective are either scrapped
and then replaced with new ones, or sent out for repairs. For existing hub designs, on the average,
0.3 to 0.6 percent of all the detail parts are scrapped after the first overhaul, and this increases to
1.5 percent (sometimes 2 percent) after the second overhaul. The number of repairable partsis
greater by a factor of 3 or 4. Asarule, all rubber seals and safety elements are completely replaced,
regardless of their condition. When overhauling certain types of hubs, some critical parts; for
example, the pitch hinge trunnions, may be designated as mandatory replacement items.

(d) Repair of the parts — depending on the defects — with restoration of cadmium
coating, elimination of traces of corrosion, individual surface defects, etc.

{e) Reassembly with corresponding checks.

it follows from this listing of the various overhau!l operations that in the major overhaul
process, the production operations used in manufacturing the component are repeated in con-
siderable degree. The only difference is that during the major overhaul, the hub is ‘‘reassem-
bled’’ from old parts. As we have mentioned, the percentage of repaired and newly manufac-
tured parts is very low.

Therefore, it appears {on the basis of the previous discussion) that the most reliable
formula for expressing major overhaul cost will be that analogous to Eq (4.2):

Cr”m.o = kvakd.p Cr’on,o (4.38)

where C’}’,‘," = unit cost of major overhaul of the n-th assembly {(cost of major overhaul per unit
weight of the assembly); k', = 8, Ip,/9, M p,. (provided that the percentage of new parts
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used is no more than 1 to 2 percent , the difference in cost of used materials can be neglected);
and CrJ*®=unit cost of baseline component major overhaul (cost of major overhaul per unit
weight of the component).

Thus, the cost of a single major overhaul is

CIM® = k'okg,pGn C’;':’. {4.39)

) For the case when the overhaul of similar components of two different helicopters is
accomplished in the same production facility during the same approximate time period (k% =
7), and the required manufacturing component tolerances are of the same order, Eq (4.39)
takes a form analogous to Eq (4.19):

M0 = (2,/2,)CT°. (4.40)

Therefore, the major overhaul cost per flight hour is analogous to the expression for the
hourly replacement cost

(MO = CmOPEBO = Ky kg p Gn Ci0/RED? (4.41)

or, for the particular case (see Eq (4.40)),

cme = (Zn/2oNC T2 BED.0), (4.42)

The conditions for calculating the major overhaul cost are chosen similarly to the selec-
tion of the conditions under which the cost of manufacturing a new helicopter was determined
(serial number, production capacity, and productivity level).

In order to determine the annual flight time of a new helicopter, we need to know the
major overhaul manhours per flight hour:

Umon = KekapGnCTo 1055, (@.43)
4.2.4 Routine Maintenance Costs

It is required that the TBOs of the components of modern helicopters be equal to, or a
multiple of. the airframe TBO (mandatory requirement). However, we can imajine that a need
may arise to replace an engine, blades, main rotor hub, tail rotor. or any other components
under field conditions or, at best, in airfield facilities. In economic calculation practice, main-
tenance cost estimates are sometimes made using formulae in which terms accounting for the
cost of such replacements are introduced.

One example is the following formula:

CEm = Wylnp.oKp.o +ns0Kso+ Miooi00 +n300K200 + Mp Kp.t + 1p. Ko ¢ T Kip,e)
(4 44)

where ¥, = standardized routine maintenance unit cost {we take the manhours required for
routine servicing of the vehicle or component as the standardized unit); Kp g = manhours re-
quired for replacing engines and other components {in standardiaed units) during between-
overhaul periods; Kso(100 200 400) = Manhours (in standardized units) required for 50, 100,
200, and 400-hour scheduled maintenance inspections (work), if required by regulations;
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Kb.4,Kp.£, Ksp.t = manhours (in standardized units) required for preflight and postflight ser-
vicing and also servicing during short-term layups (in the case of long-term layups, the heli-
copters are preserved (moth-balled) and the routine maintenance is minimal); 7y o = number
of replacements of the corresponding components; ng0(100,200) = NUMber of corresponding
scheduled maintenance inspections; 7, ¢ and np.¢ = number of corresponding preflight (before-
flight) and postflight inspections; and 74, = number of routine maintenance cycles during
short-term layups. :

it would appear that we have taken into consideration everything that can infiuence
helicopter routine maintenance costs. If we are calculating the economic characteristics of an
existing helicopter, this is so. After making a preliminary time and motion study of all the
operations involved with routine maintenance and thus, finding the required manhours, we can
quite reliably determine C"™ , if we know n1p,_o and g . But how can we estimate the main-
tenance cost with the aid of this formula for a new helicopter design? In this case, it is recom-
mended that we take the approximate manhour values from the statisticsl data of helicopters
which are in operation; i.e., actually without accounting for the parameters of the new heli-
copter design. Consequently, the so-obtained accuracy would not be adequate for our problem.
For the same reason, the other methods based on the assumption that routine maintenance
costs are proportional to the wages paid to the flight crew are also not acceptable. In this case,
the routine maintenance costs would appear to be completely independent of new helicopter
parameters. Assuming that new helicopters must meet all mandatory requirements for modern
aircraft, including the assurance that the TBOs of the airframe would be in multiples of the
TBOs for the basic dynamic system components, we shall not include the time for unscheduled
component replacements in the overall maintenance manhour routine, as scheduled replace-
ment is accomplished only at the time of major overhaul. In reality, in the course of the entire
operating period, situations may arise which lead to a necessity for premature replacement of
some particular component, subassembly, or individual part. Such unscheduled repair will not
be accomplished at the overhaul plant, but rather at the operating organization base. or even
under field conditions.

We shall examine minor (unscheduled) repair costs separately. It is obviously impossible
to foresee exactly the costs associated with these operations (manhours and spare parts), since
they ay be the result of piloting error, maintenance ercor, manufacturing defect, or design
defect.

The largest number of defects and correspondingly, a considerable part of the minor
maintenance cost is associated with the radio and electronic equipment. These are primarily
malfunctions due to the relatively high vibration level in existing helicopters. Damages to the
airframe structure rarely occur, but their repair is expensive. Powerplant failure occurs con-
stderably more often than failure of the airframe elements, and is also very expensive. We have
already mentioned that the causes of failure may vary. We are only interested in those causes
that depend on the type of selected helicopter construction, and can be related in some way to
the parameters being selected. For example, the eight-bladed main rotor. in principle, provides a
lower level of airframe vibration than the four-bladed main rotor and consequently, we may
expect fewer failures of the electronic equipment and certain other assemblies. According to
statistical data, the average overall unscheduled repair costs for the existing helicopter fleet
are estimated to be within the limits of 10 to 12 percent of the amortization costs;

C,‘,m" = Qapet (4.45)

where a=0./ t100.72.
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We shall assume that the part of the helicopter minor repair costs (AC,™" = C.'"")
basically depends on the vibration level. Then we can write

ACZ"" = (ngn/”go)Aan" (4.46)

where ng = quantity characterizing the vibration level in the region of the electronic equipment
locations AC2™" and AC ™", incremental costs of unscheduled repairs of the n-th component,
and the baseline component due to vibration. These same costs per flight hour are

Acl’l’n.r = Acgn.r/&O.T = (nyn/ngo)(AC:n.r/PnO.T) . (4.47)

In spite of the fact that this type of expenditure depends on parameter selection, they
can be ignored in further calculations, since they constitute a very smal! part of the overall
operating costs. The major portion of the unscheduled repair costs (C un.r _ ACY"") is inde-
pendent of parameter selection. '

Now we shall examine the question of manhours for scheduled maintenance and rou-
tine inspection. Analysis of scheduled works shows that their manhour content and conse-
quently, their cost, are proportional to the number of basic operations performed. The sched-
uled work is cyclic. It is usually accomplished after accumulation of h hours of flight; for ex-
ample, after every 50, 100, and 200 flight hours. During each subsequent interval, as a rule, all
the operations of the preceding inspection plus some additional operations are performed. For
early-model helicopters, maintenance procedures were also scheduled at 25-hour intervals. It is
obviously advantageous to perform the scheduled maintenance as infrequently as possible. The
25.hour inspection cycles are no longer performed for recently produced helicopters. As a
result of suitable design approaches, some aspects of the 25-hour maintenance schedule are
incorporated into routine inspections. However, at the present time, inspection/maintenance
intervals as long as 300 and 400 hours are scheduled. After 400 hours, the entire cycle of opera-
tions is repeated. There are also calendar inspections. But in the case of intensive operation,
their extent is small in comparison with other forms of maintenance, and shall not be consid-
ered. Just as in the preceding cases, from the existing helicopters, we select a baseline helicopter
which is closest to the new helicopter design with regard to size and mission. All the actual data
of an operational nature must be known for this machine (results of time and motion studies of
various operations during operational tests).

Let A lin flight hours) be the adopted maintenance cycle for the baseline helicopter;
lsche, = labor expenditure in norm-hours for all maintenance of the complete cycle; /, = over-
all number of operations during the cycle; £, = tsche o/h = specific labor expenditure for main-
tenance operations in norm-hours per flight hour; i, = /o/h = average number of operations per
flight hour; and A,y = t,c,,,o//o =1,/ io = average labor content of a singte operation in norm-
hours (quantity characterizing work productivity).

We shall assume that on the average, At,, = const for the organizations operating heli-
copters. In selecting the parameters of a new helicopter when the characteristics are not yet
known in detail, we usually assume that its primary components will be basically similar to
those for the baseline helicopter (naturally, we take the machine which is to be replaced by
the new design as the baseline). The passible differences can be taken into account by esti-
mating, component-by-component, the difference in the number of required maintenance
operations. For example, a tail-rotor gearbox in which the oil must be changed after a definite
period can be replaced by a gearbox in which the lubricant is not replaced during the entire
service life. It is evident that in this case, there is no great difficuity in estimating the reduction
in the number of operations.
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In reality, the labor content of individual operations may differ quite markedly from
one another. However, use of the average labor content per operation in the present tech-
nique still makes it possible to obtain satisfactory accurate calculations.

For the newly designed helicopter we can write

Atay = tscheplln = th/in.

i.e., thlin=tollo or tn=\in/ighty = (;n/;a)(,mmo/;,) = (’n/’o)(t:chao/h)

(since /o/h =iy, and I,/ h = i,). Then, the maintenance costs per flight hour for the new

helicopter can be written as
Cschep = eé(in/io)(t:chea/h) =9 ;(ln//o)(tscheo/h) (4.48)

where @, = average cost per norm-hour maintenance operations.

The labor requirement of the preflight and postflight inspections can be similarly
estimated as, in the present case, we do not consider inspections associated with layups for
organizational reasons. The specific inspection manhours per flight hour for the newly
designed helicopter can be expressed in terms of the baseline helicopter specific inspec-
tion manhours:

Zlingp = tinsp.b.f + linsp.p.ti
Ztinsp, = “incp,,/’in:po)ztin:po

where 1., 5 ¢ = preflight inspection labor content (in norm-hours); ;,,, 5 ¢ = POstflight

inspection labor content (in norm-hours); Z¢;,,, = overall technical inspection manhours
per flight (in norm-hours); and /;,,,, = number of inspection operations per flight.

We take the ratio of the maximum range to the cruise speed as the average duration
of flight for cargo transport and passenger helicopters (ISA altitude 500 m, G,, yoq. Gyy. ges-
and 5 percent fuel reserve). Then, the specific routine maintenance manhours (in norm-
hours per flight hour) can be expressed as

tinspo = Werg/Lo)Ztinsp,,
and
tinspp = Wery/LalMlinsp ! linsp,) Zlinsp,, - (4.49)

Therefore, the inspection costs per flight hour are defined as
Cinspp = Onlinsp, = Onllinspp Very/linspy L) Ztinsp, (4.50)
where 0,', = gverage maintenance costs per norm-hour.
4.2.5 Fuel and Lubricant Costs
Examining the costs of fuels and lubricants per flight hour. we can write
Cty = CruGeyky Ve, /L (4.51)

where C',u = fuel cost per kg; Gy, = normal (design) fuel capacity in kg; and &, = coeffi-
cient accounting for lubricating material costs (k; = 7.05).
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4.2.6 Flight-Crew Wages

In accordance with the requirements of our problem, we shall consider that the
annual flight time is determined only by helicopter performance. Therefore, for the calcula-
tions, we use a typical flight organization scheme in which, by introducing replacement
crews we can ensure full utilization of the helicopter flight potential.

This specifically means that if the helicopter has all-weather capabilities, it can fly

~ round-the-clock, and this requires several working shifts of pilots, flight engineers, naviga-

tors, and mechanics.

We shall not complicate the flight-crew caiculation by introducing several coeffi-
cients accounting for operating condition peculiarities (geographic regions, and so on) as is
usually done, since this will have very little influence on the final results of the analysis.

We specify the annual flight time norm for the crew as H (flight hours).Then, the
required number of crews is determined as the ratio kyeit/H. We denote the average cost
per calendar hour (based on monthly pay) by 6 l ; and the number of crew members by
Merew- Then, the expression 0z Mcrew Tcal Ryeir/H will be the cost of the conventional
(“ground”) part of the flight crew pay for the entire helicopter service period (here, Tcgy is
in hours). We denote 67 as the average pay per hour of flight operation. Then, the
expression 67 Mcrew [ueit Rueit/ H Will be the cost of the “‘flight’’ part of the crew pay.
Hence, the overall sum of the flight crew pay for the caiendar period of helicopter service
will be

Cnll = kuti/mcrew(eé Tcat + eé’Tutil)/H = Rytit Mcrew Tcal(eé + k‘u:i/ 92 WH.
(4.52)

Here, k* = T,/ Tcqs Where both 7, and Tcer are in hours; and kyeis = Tutit/ Tcar where
Tyeir is in hours and Tgey is in years. The flight crew pay per flight hour is expressed as
follows: :

Cua RutitMerew ( , . - v 24+365Mcrew( , . P
Craly = = 0 + ki) = (6, + k%t ) .
Ry Tear et ( o ’> H ¢ ueil"

(4.53)

Since a crew having different qualifications than their predecessors may be required
for the new helicopter, we shouid also introduce a correction for the required rating into the
expression for the costs in these formulae. However, this will have very little influence on
the final results of the economic calculation. Therefore, we shall not consider this factor.

4.3 Indirect Cost Estimation. Basic Relations for Estimating
Operating Costs

4.3.1 Training Flight Costs. Airport and Other Costs

In economic calculation practice, we usuatly take into account the costs of training
and service flights, and the costs of engine operation on the ground, as well as the per diem
costs for crew during intersuption of trips, and so on. At the present time, in calculations
made by Aeroflot, these costs are taken on the order of 10 percent of the amortization,
maintenance, and fuel and lubrication costs. The indirect costs also usually include other
forms of “'secondary’’ costs; specifically, the cost of airport upkeep.
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It is obvious that for helicopters which do not require expensive runways, these costs
should be much lower than for the airplane. In the calculations made by Aeroflot, these
costs were previously taken as practically the same as for airplanes »i.e., 30 percent of the
overall direct costs {(without the amortization costs). Since these costs are essentially inde-
pendent of the helicopter parameters, they may be ignored in our considerations.

4.3.2 Insurance Costs

We also include the insurance costs in the indirect category. In our calculations we
must consider, during design, the different degrees of technical risk “‘inherent’’ in the new
helicopter.

It is obvious that the use of proven configurations and technical approaches provides
@ basis for reducing the insurance costs and, vice versa, we must increase them if, in the

- design, we intend to use new technical solutions which have not been verified by many

years of operation of hundreds of preceding helicopters. It is clear that this approach to
estimating the insurance costs is applicable to helicopters of a given type which are in the
initial stage of operation. As operating experience is accumulated and the designs in which
fundamentally new technical approaches have been used is “debugged”’, the insurance costs
can be reduced accordingly.

In foreign practice, the annual insurance costs for well-verified designs range from 5
to 16 percent of the initial helicopter cost (without account for life insurance for passengers
and crew members). In our case, we must naturally assume that operation of the helicopters
being compared will take place under the same conditions. Let the annual insurance cost of
a newly designed helicopter having no fundamental difference in configuration or type of
components from previously designed machines in extensive operation be a g fraction of the
initial helicopter cost. for example, one percent. In reality, the design of such a machine is
unlikely, as new and different qualities are required which can be achieved only by intro-
ducing new technical approaches into the design. However, when designing the new machine,
the designers attempt to utilize previous solutions as much as possible, and striving for an
optimal overall result .with the introduction of the minimal number of new approaches and
associated problems. Today, such new approaches include changeover from main-rotor hubs
with steel housings to hubs with titanium housings, and from hubs of the conventional type
to hubs with elastomeric bearings. Other examples include: changeover from conventional
hinged rotors to ‘rigid” rotors, from gearboxes with conventional involute gears to gear-
boxes with conformal gears, and from the conventional mechanical fiight control system to
the fly-by-wire system, and so on.

We denote the number of such new technical innovations which are ‘‘introduced’’
into a particular project by 7, ;p,- Then, the annual insurance cost for- the new helicopter
can be expressed as

Cinsu, = Ne.innCicq (4.54)

where C i.c = initial helicopter cost; g = insurance rate used for the helicopter of conven-
optimal design and 7, ;,, = number of fundamentally new technical approaches (innova-
tions) introduced into the critical elements of the helicopter structure. The insurance costs
per flight hour are

Cinsuy = "0.inn9Ci.c/Rytir- (4.55)
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4.3.3 Basic Formulae for Estimating Helicopter Operating Costs

On the basis of our analysis we have obtained several relationships which make it
possible to estimate the operating costs for a new helicopter in the early stages of its design.
The unit cost of manufacturing the n-th assembly of the helicopter

Cr, = kg pkeCr, ' (4.2)
Cr, = kekd.p \‘/s,,/sa'cro (4.20)

where
6nl lpn + 'ﬂ

ke = R . (4.9)
e~ "0 g,np, " MM,
kgp = (20/20)(Go/Gal Ao/ Ap)? . (4.15)
The cost of manufacturing the n-th component of the helicopter is
2o Ao\! [, Onlon Mn (4.17)
= G = —— —— kg ————— 4+ Ray ™ C .
Cn = GnCr, (/\> (" 8oMp, M Mg) °
Cp = kelZn/2oW Ao/ Agi2Co V' SplS, - (4.56)
Cost of manufacturing the entire helicopter
Ch‘[" = ZCn . (4.57)
Replacement costs per flight hour
Cat Cen Cm
dngs = 0.95 k. + PZ{L + 2L (4.35)
‘c.c utll eng m a b Pn
Major overhau! costs (per ﬂight hour for the n-th assembly
CI:-O = k'. kd.p Gn C?.O/ef.b.o (441)
o
Overall major overhaul costs per flight hour
chel, = Zcy . (4.58)
Periodic maintenance costs per flight hour
Coche, = OplinfioNtschag/h) = 8,Un/loWtschey/h) - (4.48)
Inspection costs per flight hour
Cinlp,, = 0;,!’;”,pn = 0 ;) (/in‘pn Vcr,,/lin:pa Ln ) 2 tingpo (450)
Fuel and lubricant costs per flight hour
Cey = CtuGrukVerlL {4.51)
Fiight crew costs per flight hour
24:365m; e
Cooh = — (0; + k%®}) (4.63)
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Insurance costs per flight hour
cin:u,, = Neinn9 Ci.c/kuril
Cost per flight hour

- .0 :
Ches =a + M + ¢, + Cinsp + Crua t Csats t Cingu-

(4.55)

(4.59)
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OPTIMAL HELICOPTER PARAMETER
SELECTION BASED ON MINIMAL
COST CRITERIA

The formulae presented in the preceding chapter make it possible to examine the
cost variation of both the individual components and the helicopter as a whole, as a function
of gross weight, main-rotor diameter, and number of blades for helicopters of various con-

_figurations and different weight categories.

We shall present the calculations of the operating costs for some variants of one of
the helicopters examined in Ch 2 (see Table 2.11). By analyzing the results of these calcu-
jations, we shall try to clarify the degree to which the optimum found on the basis of the
minimal weight criterion coincides with the optimum determined on the basis of the mini-
mal helicopter operating cost criterion.

5.1 Replacement Cost Dependence on Helicopter Parameters

5.1.1 Blade Replacement Costs

To obtain the weight of the n-th component, we substitute the blade-weight expres-
sion from Eq (2.8) (for A < A,) into the general formula (Eq (4.17)):

ZCpip = kd-PkOCrblo k%1 0p Rn” {5.1)

where £Cp,,, = overali cost of a set of main-rotor blades.

In accordance with the discussion in Ch 11, this relationship will be valid only for
definite types of blade designs with aspect ratio varying in a relatively narrow range of A =
16 to 20, and for chords of b = 0.4 to 1.0m. Within this range, the constraints with regard
to maximum allowable values of 7, and blade droop need not be considered.

In spite of these narrow limits, Eq (5.1) makes it possible to quite reliably estimate
the cost of the blade sets of most existing types, since their weight characteristics are
within the limits that can be considered acceptable by contemporary designers (exceeding
these limits in blade design may lead to the need for solving some new problems). On this
basis, we have taken advantage of the approximate formula given by Eq (2.8) in our blade
cost calculations.

In principle, we could take any weight formula to illustrate this cost analysis tech-
nique. The accuracy of the cost analysis calculation itself will not change as a result of this.
It will be shown below that the assumptions made in order to simplify the cost calculation
do not influence the final result. On this basis, the overall cost of the blade set (per flight
hour) can be expressed as

Zopi, = 0.95ky pkek'0n R,,”crb,o/P,,,n°-T (5.2)
or

Zaps, = 0.95ky pkek'i2b1n0n Rn' " Cryy, [Py, 0T (6.3)
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After sequentially determining all the coefficients abpelring in these expressions we
can vary the values of 2z, b, and R to evaluate the blade set costs for each considered
helicopter variant.

We shall first calculate the cost of blade set replacement using Eq (5.3) only for a
single initial variant (for example, for the single-rotor helicopter from Table 2.11), taking
a blade set of the production helicopter of the corresponding class as the baseline. Then we
replace the baseline. We now take the main-rotor blades of the original helicopter variant

. as the baseline and vary the indicated quantities. This is convenient in that it avoids the
necessity of determining several intermediate quantities since, in this case, kX, = 7 and
Ao/Ap=1.

It is clear that when estimating replacement costs, the solution of the problem de-
pends considerably on the design peculiarities (kg ). and the determination of this coeffi-
cient basically reduces to finding the corresponding detail part ‘‘densities’’ 2z,/G, in the
component. In Fig 4.9, z,/G, was shown as a function of airframe weight for several
Boeing Vertol helicopters. Fig 5.1 shows analogous relationships for the individual air-
frame components of the helicopters of that company. Examination of these figures leads
to the obvious general conclusion that the part density decreases with an increase of the size
of the article. If we could find similar relations for all the basic components, including the
blades. we would be able to obtain a quantitative estimate of the cost of the new machine.
An approach to the solution of this problem in application to the blades might be, for
example, as follows.

2,/Gp, parts/kg

10 Jl
— A
AN L D
\\\ \\x N
ANNEANSN
\\ N\\\ \&‘
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NN \\ N
Ny \,§ \\\ 3
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1.0 N N i
’ < 1 4
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\\\\ 5__{
NN 2
\\__1

10 100 g, kg

Figure 5.1 Ratio z,/G, as a function of fuselage component weights:
(1) rib, (2] panel, (3) bulkheads, (4) beams, and (5] partitions

The main rotor blades of many modern helicopters are a typical example of air-
craft “skeleton’’ construction, in which a specific set of elements is used repetitively. The
number of such “repetitions’” is proportional to the parameters characterizing the dimen-
sions of the structure. For example, for blades consisting of a spar and ‘‘envelope’’ sections,
this dimension is the blade radius. With change of the airfoil chord and thickness, the num-
ber of detail parts remains practically constant. Since we have assumed that the biade
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weight is proportional to the product of the chord and the radius to the 1.7-th power, the
average density of the blade parts can be expressed approximately as

Zo1ade/Gp1 = Mpy RIBRYT = (my,/b)R™ (5.4)

where 2,4, = Number of parts in the blade; and m,,, = coefficient of proportionality, which
we shall consider constant for a given type of structure. In reality, this relationship should be
more complex since specific optimal dimensions of the trailing-edge boxes correspond to each
value of R. For small variations of R, the quantity Z5,,4s May not change at all. However, this
refinement is not significant for a quite wide range of variations of the blade parameters.

Knowing the actual relationships between the average structure density and the radius
for the existing blades, we can use the corresponding logarithmic relations to determine the
coefficients of proportionality m,,, for various types of structures. Taking the logarithm of Eq
(5.4), we have

l0g (Zp190e/Gpr) = log{my,/b) — 0.7 log R.

In the logarithmic coordinate system, this relationship is represented by a straight
line in the form U = A — kX.

in order to construct the graph of this relationship for any type of structure, we need
only have the coordinates of a single point.

Zpjade/Gbl
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Figure 5.2 Density of the main-rotor parts as a function of the blade radius: Type [ - steel
tube spar, steel root end, and Durelumin envelope with metal honeycomb; Type Il —
extruded aluminum alloy spar, steel root end, Durslumin envelope with metsl honey-
comb; Type I11 — steel tube longeron, titanium root end, glass-plastic envelope.

Such relationships are shown in Fig 5.2. Using them, we have

ka.p = MpiGbiy N 16 Ry Zbtade, A’ - (5.5)
Substituting the expression for k , given by Eq (5.5) into Eq (5.3), we obtain
0.95kgk"p1mp CThi, Aoz
Zag, = R, 21, Gb’o' (5.6)

0T, 2
"Zb/tdeonl.n Ay
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If the type of structure and the materials are not varied when selecting the parameters,
then, in this equation, the expression in the parentheses is constant:

0.95k'b,mb, Crb[o Gb]o kﬂ Aoz

0.7 2
TZplade,Poip,  Hn

= const.

Denoting this expression by k,b/ , we obtain
Zab, = k.b' anb/n . (5.7)

Or, since in selecting the parameters of a helicopter with a constant gross weight, a definite
value of o corresponds to each value of R because of the necessity for satisfaction of the condi-
tion t, o ~const. Then,

Eabl,, = "kgb/ On an/b,, . (5.8)

Thus, in Eq (5.7), we have obtained relationships for the hourly costs of main-rotor
blade replacement as a function of number of blades (z,,) and blade radius. But it follows from
Eq (5.7) that these costs do not depend on the blade chord. However, increase of the chord
should lead to an increase in material costs; increase in the length of bonded, riveted, or other
types of seams; and increase of the machined surface area of the spar, resulting in some asso-
ciated increase in the blade cost. It was shown in the preceding chapter that in the technique
which we have used for economic estimation, provision was made for accounting for an increase
in the component cost because of an increase in its dimensions {(while retaining the same num-
ber of parts). This was done by multiplying the component unit cost by the relative weight in-
crement. But with the assumption we have made, it turns out that the single blade replacement
cost, because of the increase in weight, increases to the same degree as its decrease becsuse of
the reduction in structure density. In other words, Eqs (5.7) and (5.8) are valid for the case
when costs are compared for blades with chords which are similar in size. However, since the
analysis should be made with a wide range of blade parameter variations, we shall use Eq
(4.56), which takes into account the increase of the manhours with increase of the surface
area of the parts being machined. Then,

0.95kg.p ke CTo G, ¥/SaIS,
Pbl,,o T !

Eab,n =

where, in application to the blade structure ¥/ S,/S, = ¥/ R, ba/Rob,- After transformation,
this formula takes the form

’ k.bl
Eab, - ——— et Zbi R 1.25b 0.25 . (5.9)
n (Robo)o.zs n''n n
or
zabl" = k"b/zb,n R”l.zs bn0.25 (510)
where

k;b' = k,b'/(Ro b01%%% = const.
We can rewrite Eq (5.10) in a different way;
Zay,, = nk2! o, R,225/6,075. (5.11)
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When we wish to estimate the economic advisability of using a particular type of blade
structure or material, it is necessary to repeat the calculations several times, varying Rk, and
mp,; within the entire range of the examined main-rotor diameters.

However, if the type of structure and materials are determined from considerations of
non-economic nature (for example, by the specific production capabilities), the first aspect
of the parameter selection problem associated with estimating blade cost, reduces to finding
the relationship between the main-rotor diameter and the quantity characterizing the relative
cost of blade replacement. By this, we mean the ratio of replacement costs for the set of
blades of given dimension to the corresponding costs for the set of blades taken as the baseline.

E&b, = Zab,n/Eab,o. . (5.12)

Taking the original helicopter blade as the baseline (see Table 2.11), we will have

z b 0.25 R 1.2§
3, = ﬂ’(f) =) (5.13)
zblo o o

In conjunction with the general formulation of the problem of finding the correspon-
dence between the weight and the economic optima when selecting the parameters, itis inter-
esting, even at this stage of the calculation, to compare the nature of blade weight and cost
variation as a function of gross weight, main-rotor diameter, number of blades, and the corre-
sponding blade chord. To this end, we write the expression for the relative blade weight
similar to that of the quantity characterizing the relative replacement costs.

= Goin  2bin bn(Ra\'7
ZGbI = e ¢
Gblo zblo bo R

{5.14)

o

From comparison of the last two formulae, it follows that with a change in the radius
and chord dimensions, the blade weight changes faster than its cost. However, we recall that
due to the fact that the approximate expression for X Gy, appears in these relationships, they
are valid only for the case where the aspect ratio does not exceed the maximum value up to
which increases of A do not increase the weight of the blade. In the more general case, we must
introduce a correction in accordance with Eq (2.8):

7=+ qaRa=2)]

{see Ch 3). In this case, Eq (5.14) for the blade relative weight characteristics takes the form

2p) b Rn 1.7
= = Zibin Znf N T+a, RAN=2,)]. (5.15)
ZGps Zpi, bo<Ra> [ A ) .

How does the expression for I ap, vary in this case? After making the necessary trans-
formations, it is not difficult to see that it remains unchanged, since the weight correction
enters into Eq (5.13) to the same power in both the numerator and denominator.

Fig 5.3 shows Eqs (56.13) and (5.16) in graphical form. We see that for A> (A, ).
the weight increases with increase of the main-rotor radius considerably faster than the refa-
tive replacement costs. When using the more genera! weight formula (Eq (2.12)) which is valid
for A = var within a wide range, the relationship for blade replacement costs (as before), does
not change.

In this case, the blade relative weight is

= bl bn &)"7(1&)” _ Zoin(bn )" Ro
55y =2 bo<Ro 2) el = 2R s a0 -],
o

(5.16)
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Figure 5.3 Example of relationship between the blade relative weight and cost charscteristics
vs main-rotor redius: — - —- EGp; —— —— EG%y; Zap)
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This expression is valid with satisfaction of the conditions given by Eqs (2.15) and
(2.122). .

To find the dependence of Zﬁb, on the main-rotor radius, it is not necessary to first find
the relationship of the type Zj,,4e/Gp = f(R). As was shown in the preceding chapter, for this
we need only know the relation of the type z,,, 4o = f(R). However, in many cases, it is more
convenient to use the numerical part densities in the economic calculations. But the quantity
zb,,d,/Gb, makes it possible to directly compare the cost levels of similar components {some-
what analogous to the weight ratio). Therefore. we will use this characteristic whenever possible
when examining the replacement costs for certain other basic components.

5.1.2 Main Rotor Hub Replacement Costs

It was shown in Ch 2 that the hub weight is determined primarily by the centrifugal
forces of the blade. With increase of the centrifugal forces, it becomes recessary to increase
the characteristic dimensions, particularly of the pitch-bearing-housing cross-sections, because
of the necessity to install bearings with increased supporting surface area and housings having
higher load-carrying capacity. This naturally involves introduction of new detail parts into the
structure (see Ch 4). In conjunction with the increase of the bearing dimensions, there is an
increase in the number of rollers and needles, new elements appear in the sealing systems, as
well as standard and nonstandard fasteners, the number of which is also determined by the in-

creased cross-section area of the pitch-bearing housings. The number of bearings also increases.

[The scale factor also leads to an increase in the number of detail parts in the hub mechanisms,
which are not directly associated with the quantity N,,; for example, in the centrifugal blade
droop stop.] However, the cross-section areas,as was shown in Ch 2, are proportional to the
centrifugal force N,,. With an increase of the sleeve member length, the number of detail
parts changes relatively little (however, with increase in the number of blades and the asso-
ciated appearance of additional joints and other complications, the number of detaii parts
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increases). For example, the Mi-8 medium helicopter hub consists of 2640 parts, and a similar
Mi-6 heavy-lift helicopter hub has approximately 7500 parts.
On this basis, we can write

Zhub = Zp1Mpub Noi (6.17)

where my ., = coefficient characterizing the hub type. Since the hub weight in accordance with
Eq (2.31) is

_ 1.35
Ghub = Rhub Rzp1 261 Nbi
we can write
24u6/Ghub = Mhun/k hab Rz Nor 022 (5.18)

To determine m,,,,, , we proceed similarly to the approach used in the preceding section
when estimating my, ; knowing the detail part densities of the existing helicopter hubs, and the
exponent of the centrifugal force in the expression for zjy,p/Gpyp . We plot relations of the
type of Eq (5.18) to logarithmic scale. Fig 5.4 shows examples of such relationships. Now sub-
stituting Eq (5.18) into Eq (4.17), we obtain

Ao 2 Mpub
Couny = Ro(2) 722

Zp1, Ghub, CThubo Nbi, - (5.19)

Then the hub replacement costs will be

C 0.95k, [Ag\2 m
hubp _ e(__o) hub (5.20)

Ghyp = 0.95 57— A Zb1p Ghubo CThyb, Nblp-
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Figure 5.4 Density of main-rotor hub parts as e function of the blade centrifugel force:
Type | — fully articulated with hydraulic dempers; Type Il — fully articulsted with friction dampers
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If we wish to solve the problem of selecting the optimum material for the hub, we make
a series of calculations in which we vary the quantity R,.

By varying mp,p, We can solve the problem of selecting the optimal hub type on the
basis of minimal cost. If the type of hub construction and the materials have been determined,
the problem reduces to finding the relationship between the main rotor radius and the relative
hub replacement costs. For the selected bype of hub and materials, the quantity

A,,) G;,u%Cra = const.

0.95ky Mpyp ( Ao\

Phus™ 2o
Denoting this quantity by k,"“%, we obtain
= p hub
ahub = k. u beNbl' (5.21)

Taking the main-rotor hub of the original helicopter as the new baseline {see Table 2.11),
we can write the expression for the relative hub replacement cost as

_ 9nub, _ 2Zbi, Noi,

aq = {(5.22)
Pn  ahuby  Zbig Nbig
The relative hub weight is
" Ghub, 2b1o Rzpy, \ N,

From a comparison of Eqs (56.23) and (5.22), we can see that with an increase of the
centrifugal force, the relative cost of the hub replacement increases; but somewhat more slowly
than the hub weight. In order to account for the cost increase associated with an increase
of the machined surface area of the parts (with no corresponding increase in the number of
parts), we introduce the correction </ Sn/So (see Ch 4). We shall consider an example. The
special nuts with the system of seals of the horizontal and vertical hinges of the Mi-8 heli-
copter are basicaily similar in construction to the corresponding parts of the Mi-6 helicopter
hub. They have the same number of parts and the same coefficient k., and they are fabricated
from the same materials at the same production facilities. While differing in weight by a factor
of 4.5 to 5, they differ in cost by only a factor of 1.7 to 2, which is proportional to the ratio

\“/Snur MI-S/Snur Mi-8*
For the hubs

\‘/Shub,,/shuba = “/dn £ Rn/da £ Ro

where £, and £, = relative length of the hub sleeve, counted from the axis of rotation and
expressed as a percentage of the main-rotor radius; d, and d, = the effective pitch-bearing
housing diameters (characteristic dimension). In accordance with Eq (2.10)

dn = —\/ Nb/n,' do = F\/Nb/o'

Assuming that for the same hub type, &, = §,. we have

/. 0. 0125 025 , 025
/{/ Shubp 4 INpt 3 Rozoty  Notg'? RO 2y, ‘
0. - X X 025 ’
Shub, Nbi, 5 Ro 21, Np1 0125 RO 2y,
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then

pyp = ka0 zpy, Np/125 RO (5.24)
and
. =( Zpip l.zs(Nbln )1.125 (& )0.25 (6.25)
hub Zbl, Nbi, R, :

Figure 5.5 shows the dependence of Fhub and 5,, ub ON the main-rotor radius for various
numbers of blades.
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Figure 5.5 Example of relationship between main-rotor hub relative weight-and-cost charscteristics,
and main-rotor redius: — — — Ehub hub

5.1.3 Main Gearbox Replacement Costs

The basic data available to the designers of the main gearbox in the early design stage
is the transmitted power and rotational speed of the main rotor, n,, ., and input shaft n;i. These
characteristics determine the number of reduction stages.

Using arguments analogous to those presented in the preceding subsection, we conclude
that the number of detail parts for the i-th stage is z; = m;v/ (Mg);, since the number of detail
parts increases in proportion to the shaft and gear diameters. The number of detail parts for the
entire gearbox is

St g = M W), +my WGl + o+ m W) + .o+ my WY s (5.26)
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where 7 = number of reduction stages.
if we take the main rotor as the n-th output stage, then

since
M)/ WMg),, = Nm,ln; =1/1%, then Mg), = (MQ)m.r/i*,-
and
ZZmgn = Sg) (mpITIi% + .+ m Y15+ 4 my_ S 111%, +1). (5.27)
For modern gearboxes, on the average,
iy =n,_,Inj = 26 to 28

Then the overall gear ratio from the 1st to the n-th stage is / = /*; = ipippippy .. - o ..
in = U7 = 2.77. Correspondingly, i*; = 27" "= 2.7"2 r g =27,1% =1,

i.e, for each gearbox type having a selected number of reduction stages, the quantity
(m, 1)i*y+ . .+mpd 1%+ m,_ 1]i%_+ I) =~ const.

Denoting this quantity by Mpm.g.b - We €an write for the single-rotor helicopter main
gearbox

ZZmgb = Mm.gb Y Mol ‘ (5.28)
For the general case,
z:zm.y.b = Mm.g.bZrotor v aM,,. (5.29)

The density of the detail parts in the main gearbox is

22, 06/Gmgs = m*m.g.b (O‘Mav)—o‘“7' (5.30)

For the single-rotor helicopter,
E‘zm.g.b/Gm.g.b = m‘m.g.b‘MQ )m.r_o'“?' ‘ (5.31)

Knowing the actual data on the density of certain specific gearboxes, we can apply
the method used in the preceding subsections to construct the dependence of the quantity
Ezm_,_b/Gm_,,b from (MQ),,.,_,~

These relations for several known types of helicopter gearboxes are shown in Fig 5.6.
Substituting Eq (56.30) into Eq (4.17), we obtain

A \2

An 2, m.g.bg CTm,g,bo Zrotor*

(6.32)

247



224 0.6Cm.g.b

N

-

W & ODOUOOO

.
\ \
NN
2 - L
7
Type | 7~ Type 11”. Type m_\

(M, g.p= 160/’ (M= 322) | | mm gp=418)

P 1t 1] | | L1l

' 2 3 45678810 20 30 40 50607080mg, X 10°, kgm

o

Figure 5.6 Density of main gearbox parts as 8 function of output shaft torque: I — three-stage
planestary gearbox (two plenetery gear sets, one input; outputs to main rotor, tail rotor, fen,
accessories, and free-wheeling clutch); 11 — four-stage gesrbox with closed planetary transmis-
sion (two planetary gear sets, two inputs; outputs to main rotor, tail rotor, fan and free-wheeling
clutch); 111 — four-stage gearbox with closed planetary transmission (two planetsry geer sets, two
inputs, equaelizing mechanism; outputs to main rotor, fan and accessories; free-wheeling clutch).

For the single-rotor helicopter

2 a/ ry
io Mm.g.b MQ)m.,

zC =k G Cr . (5.33)
m.g.b e An Zo m.g.bg ~im.g.bg
Consequently, the main-gearbox replacement costs are
a = 0.95 ZCm.g.b _ 0.95 ke Ao 2 mm.y.be Mo)m.. G Cr
m.g.bp — 2T 3 e .9.b .g.bg"
§:5n 'Tn.g.b m.g.6\An Zo mteTm gb.o
(5.34)
ln the general case,
= 0.95 Re Ao 2 Mm.g.6V (eMav), G c 3
ﬂm'g.bn - 0 T A Z m-g-bo rm.g.bo' (5- 5)
: m.g.b n [

By varying the quantities kg and mpy g p - We can select the optimal (from a cost view-
point) type of main gearbox and materials. For the selected main-gearbox type and materials,

0.95\ke/P* Ty 5.6 A0/AR) Vlim.g.6/20)Gim.g.bo CT . g 5, = COMSE.
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k m.g.b

Denoting this quantity by &, . we have

”m.g.b = klm’,.b Va aM.v.' (5.36)

Then, taking the main gearbox of the original single-rotor helicopter variant as the new
baseline, we write the expression for the relative main-gearbox replacement costs:

am -3
gy = =220 = JWQ)'""'" : (5.37)
h (Mo)m.’o

9m.g.b,

The relative main-gearbox weight is

Em.g.b = [(MQ) /(MQ) ]08, {6.38)

m.g.bp m.g.bg

In application to the main gearbox, the correction accounting for the cost change with
variation of the overall machined surface area of the detail parts (for the same number of parts)
can be expressed as

Vai5, = Y, iy d,, + My Ny, /do iy do + Tiig Nge,)

where d = characteristic gearbox dimension {(case diameter); and 77, and M, = coefficients of
proportionality.
For a particular gearbox, type /M, nge/m, d = const, then

S
=2 = (5.39)
SO
For the gearboxes of the single-rotor configuration,
VSalSo = ¥ Mg),, , IWMg),, , . (5.40)
With this correction, Eqs (5.36) and (5.37) take the following form
am,g.b = F.m.g.b(aM‘v)o.s (541)
and .
Tmgp = [May),/M,,),1°5. (5.42)

An example of the relationships expressed by Eqs (5.38) and (5.42) is shown in Fig
5.7 as a function of the main-rotor radius.

5.1.4 Replacement Costs of Intermediate and Tail Gearboxes

Using arguments similar to those in the preceding subsection 5.1.3, we can obtain the
expression for the number of intermediate gearbox detail parts.

Zigb = MigpV Mg dog
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Figure 5.7 Example of the relationshipp between the main-gearbox relative weight
and cost characteristics, and mein-rotor radius

Consequently,

206/Gigp = m‘;.y.bwa),q_OAG” (5.43)

For single-stage intermediate gearboxes consisting of a single pair of gears (without a
fan-cooling system), with single input and output shafts, m",-_ g.b & ]27. Most production heli-
copters have an intermediate gearbox of this type.

Similar to the above, we can obtain expressions for the quantities C; ; ,,, 8nd g; 5 p 8nd

9ig.b°

) .
c =k Ao\" Migb Mo).. G k* . C :
igb e\ A, 7 Qleq Vig.by" ig.b Tig.bo

o

= 0.95 kek®ig.0 (Ao 2 m.i.g.b v MQ)eq .
Ojgp = 095 —=———|—| ———— Gigb,CTigp,

P*Tig.b \Nn Zo

(5.44)

G = ka9 Mg)yy- (5.45)

where

* 2 *
ke Rig.b[No\ M ig.b Gi.g.boCTig.bo.

0.T
P i.g.b

kg 9P = 0.95
An Zo

ai.g.b = e(MQ)cq,, /(MQ)eqo (5.46)

These expressions are valid if the gearbox in question and the baseline gearbox are similar
in size. For the more general case, introduction of the correction YS5,/S, alters the preceding
expressions as follows:
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9ig.b = ;0 v WQ}aq (5.47)

Tigb = V MQlegy/WMolyg, - (5.48)

For comparison,
Gigp = LMg)yq IMg),, 1°8 (5.49)

Similarly, for the tail-rotor quantities, Cg. rg.b Itrg b and G, a, rg.b 8re expressed through
Mg. For the conventional single-stage gearboxes wnthout forced coolmg, m* t.rg.p = 66.5.

- 5.1.5 Transmission Shaft Replacement Costs

For each transmission shaft segment with its supports, the number of detail parts is pro-
portional to \’/Wm . The number of segments is proportional to the characteristic helicopter
dimensions (main-rotor radius for the single-rotor helicopter, and distances between the main
rotors for twin-rotor machines).

Nsh.sag = LsnfRav = R/ %y {5.50)

where £,, = average segment length; and L, = overall shaft length. Then

Z2n/Gen = (M, 1%, Mg),, 17 (5.51)

where m*,h = ]2 for transmission shafts of the conventional (‘‘subcritical’’) type. Further,
making several transformations analogous to those made in the preceding subdivisions, we
obtain

Cen = k«'_(/\o.//\n)2 (m.ghlzo)Gtho Cr,, kth(L:h,,/’zavn)V3 (MQ )ult,, (5.52)
and
dgh = ke (Len, /%y, ) WiQ) 010, (5.53)

where ,, = 1.2 to 2.2 m for rotational speed below the critical value, and

A 2 m kep
ket = 0.95 k,(—-°—) —f"T;- Gany Cry-
An) P

For the more general case, just as for the other components, 've introduce the correction
YS,/S, - In application to transmission shafts,

sb,, L:ho (MQ )ult

With this correction, Eqgs (56.52) and (5.63) change as follows:

2
Ao\ msp (Lsp )1-28
Con = ke|l— Gep Cr k% —20" (07, 0415 (5.54)
s G<An> 2, sho “To™ sh Ry, 'Q)ulr,,
and
— * sh (L‘ho)l.zs 0415 (5 55)
a‘h = k a Q {MQ)U"” . .
av,

251



In this case, the relative replacement costs are

- Ashn Lthn 125 MQn 0'415- (5.66)
a‘h = =
sho Lang Mo, ult
For comparison, the relative shaft weight is
= 0.7
Gen = GanglGung = \Lan ! Len,)MQa/MQ0)yye" (5.57)

5.1.6 Tail-Rotor Replacement Costs

It is obvious that all of the basic expressions for the tail-rotor blade and hub replacement
costs will be analogous to the corresponding expressions for the main-rotor blade and hub. The
only difference is in the coefficients mp,p and mp,. Thus, for tail rotors having blades with
extruded spar and honeycomb-supported envelope construction, plus the hub with axial and
horizontal hinges, we can take

mblt.r/b"' = 3.78 and m,,,,b” = 11.4.

5.1.7 Engine Replacement Costs

The modern turboshaft helicopter engines represent a relatively modest fraction of the
helicopter weight. However, at the same time, the engine is one of the most expensive com-
ponents, the cost of which determines, in considerable degree, the cost per flight hour.

The number of detail parts for each compressor and turbine stage depends basically
on their rotor-disc diameters. The number of combustion chamber elements varies in propor-
tion to the engine diameter which, in turn, is determined by the first-stage compressor disc
diameter. Therefore, the number of detail parts can be expressed in general form as foliows:

Zgng = Meng D¢ s¢Mst

where D ¢ = average disc diameter of the compressor stages; /g, = total number of compressor
and turbine stages; m,pn, = coefficient characterizing the engine type. The disc diameters for
various stages are basically determined by the airflow rates required to obtain the specified
power.

Dege = IV Gair ) = fANNpp).

The number of stages is proportional to the pressure ratio mg. Since Np p = F (ﬂcs's), we
can assume that for a particular engine type,

a~ 0.785
Zgng = Meng Nh.p( o,

The term y in the exponent of the quantity Np p takes into account the influencce on
the overall result of such factors as engine shaft diameter change [AZgng = f (N p/Nrpm)} and
certain other factors. To simplify the calculations, we assume that the number of detail parts
and elements in the cooling system, oil system, fuel control system, and certain other engine
accessories vary in proportion to the power for engines of the same type. This quite approxi-
mate assumption can be made specifically, because of the fact that this group of detail parts is
quantitatively much smaller than the group of detail parts which depend on the diameter and
number of the various stages. On this basis, we take
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Figure 5.8 “Density” of helicopter powerplant parts as & function of power
(referred to H = 500 m, std) for turboshaft engine (10-stage axisl compressor,
pivoting inlet, guide vanes, two-stage free turbine ennulsr combustion chember)

Zang = M*epgNnp 2. (5.58)

in accordance with the previous discussion, we write the exprassion for the density of
the detail parts in the engine in the form

02 : (5.59)

Z, m — —
eng _ eng Nh.p 0.2 = mong Nh.p
Gen g Teng.inst

This relationship is shown graphically in Fig 5.8. Just as in the preceding subsections, we
make all the usual transformations beginning with the substitution of Eq (5.59) into Eq (4.17).
As a result, we obtain the following exoressions for ggpg, Ceng. and dgpg (with installation of a
definite number of engines, 77455, On the helicopter):

A 2 m* N 0.8
£C,np = k,<__°) L0000 G Crony. feng? (5.60)
A, Zg .
ke Ao 2ma’n N f0.8
Zagng = 0.95 —2 '(_n> _1__20 L Gungo CTang, a0 (5.61)
o

For engines of similar construction, built to the same accuracy level using identical
materials, and constructed in the same period and in the same production facilities,

[ 2 *Cﬂ
Do) M eng =
( ) Geng, Cre"go = const.

R
ke = 0.95 ——
n Zo

0.F
eng

In this case,

Zgng = Ka®™ Ngng Nyl E. (5.62)

eng

253



We introduce, into the calculation, the usual correction for the change of the component
fabrication cost because of the change in the machined surface area of certain parts (primarily
the “indispensable’’ parts), while retaining the same number of parts. In application to the

engine,
‘l / Sa _ 2|7 Ds;} + iz DonRang,
So ’ﬁl Dco2 + mz Dao ango
where ,,7 = engine length; m = coefficients of proportionality; and D, = average engine ex-

ternal diameter. Since £459/0, for modern helicopter engines of the same class changes very
little with changes in size, then ~

VSa/So = ¥ Mang,, Do, IMangy Deg® - (5.63)

But D, = f(D, ;). Then for engines of the same type

\‘/Sn/so = \‘/Nrof,,/Nrafa

and
Zaangy = K*s8 teng Woar,) (5.64)
Correspondingly,
Tang = Wrer,/Nres, 105, (5.65)
For comparison, the engine relative weight is
Eeng.imt = Nref,/Nret,- (5.66)

The relationships expressed by Eqs (5.65) and (5.66) are shown graphically in Fig 5.9.
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eng.inst ]
\ Ggr = const
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Figure 5.9 Example of relationship between relstive weight and cost
characteristics of powerplant installstion shown vs main-rotor radius

%ang.inst’ — — ~ Ueng.inst
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5.1.8 Repldcement Costs of Monocoque Structures

In determining the number of detail parts for all basic helicopter monocoque structures
(fuselage, cowlings, empennage, and wing), we shall start from the seemingly obvious assump-
tion that on the average, there is a constant number of elements per unit of outer surface area
for each structure and size.

Az/AS =~ const. (5.67)

The statistical data basically confirms this assumption. But in this case, the number of
fuselage detail parts, together with the cowlings and empennage, can be expressed as follows:

Z¢ = m¢S¢, (668)
Since, in the general case,
. 0.
then
0.
Z¢/G¢ - m*QS 12/Ggr0.2 SLd
where
m"d, = 711¢/k*¢.
For the single-rotor helicopter
Z¢/G¢ = mﬁo S¢o.12/Gy’0'25 Ro.l6 .

Using Eq (2.152) and from it, expressing R in terms of S,, the following approximate
formuia can be written for the fuselage of a single-rotor helicopter.

2/Go = m*y(Se) 011Gy 105 . -
This relationship is shown graphically in Fig 5.10. Then
Co = kelAo/Ap)? my/20)Ge, Cr, S¢ (5.69)

and
0¢ = k.¢S¢ (570)

where

ke [Ao)\? mey
¢ = —_—f— ] —= =
Ry 0.95 ¢U( ) Za Go, C1, = const

where in accordance with Eq (4.29),
oF _
Pe™" = Rytit Tear-

The introduction of a correction for the difference in the machined areas (in this case,
vV S¢n/S¢, o) transforms Eq (5.70) as follows:

0y = kK*P S (5.71)
The relative replacement cost for fuselages of the same type

= = 125
G = (S, [Sp) % (5.72)
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Figure 5.10 Density of fuselage perts (with cowlings, empennage, and cargo floor)
of a single-rotor helicopter as a function of fuselage wetted surface

For comparison, the fuselage relative weight is
Go = (Gyry/Garg)®? (Sop/S0,) % (5.73)

These relationships are shown graphically in Fig 5.11. In the same way, we can obtain
the analogous relations for the other monocoque-type helicopter structures.

1,2 =
= 7 —
B /
. ﬁ¢ Gy :
28
Ggr = const
a5
0 15 18 20 R,m
Figure 5.11 Exsmple of the relstionship between fusclage relative weight end cost
characteristics vs rotor redius: — — — — Gg; :¢

5.1.9 Replacement Costs of the Control System

in Ch 2, the control system was broken down into two parts for convenience of weight
calculations; one part being the booster control, which includes the hydraulic boosters with the
main-rotor hydraulic system, and the swashplate assembly with its post-booster rods and levers:
the other part being the manual control system. It is convenient to use this same breakdown in
calculations of the control system cost characteristics.

From the viewpoint of estimating the number of detail parts, the booster control system
differs from other previously examined assemblies in that in the construction of its elements,
the "indispensable’’ details constitute a significant part. The number of such parts either does
not change at all, or changes very little with variation of the basic helicopter parameters. [In
determining the dependence of the detail part density on the helicopter parameters for the
previously examined components, it would have been more accurate to use relationships of
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the 2,/G, = my" + A type, where A is the number of indispensable parts. But, since in the
examined cases, A € my”", we use the expression z,/G, = my"]. For example, for the swash-
plate assembly of the type normally used in Soviet helicopters (for helicopters of the medium-
weight category), the number of detail parts for this group usually constitutes about a quarter
of the total number of parts. The number of detail parts which depend only on the number of
main-rotor blades constitutes another quarter. About 40 percent of the detail parts depend on
the diameter of the main-rotor shaft. Finally, only about 10 percent of the detail parts are
determined by the pitching moments of the blade, while the weight of the swashplate assembly,
as was shown in Ch 2, is basically determined by the pitching moments.
The overall number of detail parts for the swashplate assembly can be expressed as

Z

o = BZsp; + Azgp, + BZgpyy, (5.74)

Here,

1. Az5p;=Asp * A's.p2Zb1. Where As. p= number of indispensable Group 1 parts which
is independent of the helicopter parameters; and A, .0 = number of indispensable Group 11
parts per blade. The ratio of these numbers can be taken as A, p/A, p =~ 0.16. Then AZsp, =
A's.pll +0.162p)). In the calculations, we can take Agp = 15010 160.

2. Azspy = m'ypJMg), , = the number of parts determmed by the dimensions of
the main-rotor shaft; i.e., those that depend on the torque, where m; , = 5.5 to 6.0.

3. Azspyyp=m z,,,b2 R = number of parts, depending on the magnitude of the blade
pitching moments [m'; , = 0.75 to 0.8]. Then, the expression for the cost of the swashplate
assembly can be written as follows:

Ao\? [Appll +0.162p)) + m',_p\3/WQ dm.rn + M'5.p2bInbn’ Rp)
Gx.poc Ts.p o

C =k (
s.pp — Re A Zo

(5.75)

We will introduce the usual correction accounting for the machined surface change
area. :

If we take the outside swashplate housing diameter ds p as the characteristic dimension,
then the housing height is about 0.8 to 0.85d; p-

For the same main-rotor hub axial hinge offset, the outer diameter of the “horns’’ and
the swashplate disc and its height can be expressed with the aid of constant coefficients in
terms of ds p.

Then, we can write

4 Eg - ds.on - é (MQ)m.rnv
So ds.po (MQ )m.ro (576)

After introducing this correction, Eq (5.76) takes the form
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Cs.on = ko('A—o)z [A""p(l +0.162p)) + m;p Y Mol + m'"t.pzbfnb"2 R"] X
' A

Zo

6 ’
(MQ )m.rn
X G"‘pOCTS.po W . (5.77)
fo

Therefore, the hourly swashplate assembly replacement costs are expressed as

0, = kP [A; o1 +0.162p,) + my , 3 Mgy , + My p2b1, 05" Rn X YWMg)p, . (6.78)

where

k".p = —

0. 2 Gy p.C
9f Ao) 25po_TePo_ - copst
Pea™

zoV (MQ)m.ra

for assemblies of the same type, made from identical materials under the same production con-
ditions.

For hydraulic boosters, the number of detail parts does not change significantly with
change of the helicopter parameters. Therefore, the cost of boosters of the same type depends
basically on the size of the machined surfaces of their elements. This correction can be repre-
sented by the expression

\‘Enlso = \‘/ﬁnbo dboz,,/ﬁobo dbof,

where dj,, = booster outside diameter. For boosters of similar design

5,150 = Yidnldo)? = Vbp? Rl bo* Re. (5.79)

Then,
[N\ GbooCry 4 1 (5.80)
Gon = 13 Woe Vo'
or .
Cvo, = k"po ¥bn* Ry (5.81)
where

A,,)’ GbooCTo -
B = k[—] —2=—= const

for boosters of the same type, constructed from the same materials under the same production
conditions.

The number of detail parts in the main-rotor hydraulic system also changes very little
with change of the helicopter parameters. The correction in the machined surface areas of the
parts for all the basic hydraulic system elements is

VSnlSo = VEmi,d; [2m;,d;,

where d; = characteristic element dimensions; for example, the outside diameter of the hy-
draulic pump. For similar designs

5,150 ~ YiNaiNo)® =~ Yzyy b, Rulzbsybe? Ro . (5.82)
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where N, and N, = hydraulic pump powers. With the introduction of this correction, the
main-rotor hydraulic system cost is

Chs, = "”‘h,g"zhf,,,bn2 Rn (5.83)

where
Ap 2 Gh.50CTh sy

Kh.s = ke[ — 7 5TR.
$ (Ao> Zblobo Ro

Therefore, the hourly replacement costs of boosters and hydraulic systems can be expressed
as follows: :

bop, = kP® Vzbi, ba® Ro; Gh.s, = ke Wzb1, ba’ Rn (5.84)
where
kPO = 0.95k*y,[Poo, ke* = 0.95k*, /Pp s .
The replacement costs for the entire booster part of the helicopter control system is .
ZObog; =Us.p + Gbo + Uy = ka*P LA, U1 + 0.162p),) +m; 3/ Mg hns.ry + M. p2b1n0n" Rn X
X YMgY, , + kboYzp1,00" Rn + keh$ I zp1, bn® Rn - (5.85)
The relative swashplate assembly replacement costs (for similar designs) will be

_ [A’t.p" +0.162p,) + m':.p v MQ)m.rp + M5 pZbin bn2 Rn] ¥ Mo)m.rn

07 LAy p 1 #0.16200) + iy p S @Yy + 1 p25150* R ) SiMQ Yy 6.0
For the hydraulic boosters,
o = Vzp1,60% Rnl 261, b5* Ro. (5.87)
For the main-rotor hydraulic system,
Up.s = V2bip ba® Rolzb1, bo’ Ry . (5.88)
For comparison, the corresponding relative weight characteristic of these elements is
Geontr = Zbipba® RalZb1, bo® Ro. (6.89)

We can see from a comparison of this last expression with Eqs (5.86), (56.87), and (5.88)
that with variation of the helicopter parameters, the cost of the booster part of the control
system changes much more slowly in comparison with the corresponding change in its weight.

As for the cost of the manual part of the control system, we can, without large error,
take it to be constant since the number of detail parts of this system does not change signifi-
cantly with variation of the helicopter parameters for helicopters of the same configuration,
and furthermore, the distances to the rotors change very little for all the variants. When com-
paring the costs of the manual control system of helicopter variants of different configurations,
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we can consider that they are approximately proportional to the control system length (see
Eq (4.17)), assuming that Zm con/Zm.coo = Ln/Lo. Where L, and L, are the overall control
system lengths leading up to the hydraulic boosters.

5.1.10 Landing Gear Replacement Costs

It is obvious that the landing gear replacement cost does not change with variation of the
helicopter parameters for constant gross weight, since the number of detail parts and the dimen-
sions of the structure do not change. With increase of the gross weight, the landing-gear weight
increases proportionally. [It may also vary if the layout is changed.] However, the number of
detail parts will increase much more slowly than the weight. We can consider that for a selected
landing gear type, the number of detail parts will increase only because of the increase in the
number of wheel detail parts, since the number of detail parts in the shock absorbers and struts
remains nearly constant. One requirement imposed on a particular helicopter class is satisfac-
tion of the condition that the footprint pressure should not exceed a given magnitude. The
problem is resolved either by increasing the tire diameter or by increasing the number of tires.
The maximum allowable footprint pressure can be expressed as

where &, = coefficient accounting for the fraction of the gross weight supported by a single
wheel; and AS; = the tire area in contact with the ground, AS; = 2b, Ry tga. Here, R, = radius
of the wheel; b, = tire width (b, = f(R,)); and a = angle between the vertical and the line
connecting the center of the wheel with the extreme point of the surface of tire contact with
the ground, which depends on the gage pressure in the tire. Hence, R, = f(G,,O's ).

Assuming that the change in the number of wheel parts is proportional to the wheel

radius, we can write Zyhe = MyneV Ggr. Then, the total number of landing gear parts is
219 = Arg t NyMyneVGy,- (5.90)

where A; g = constant for given landing-gear construction type characterizing the number of in-
dispensable parts; and 7, = number of wheels.

For the three.strut landing-gear scheme of the heavy and medium helicopters with pyra-
midial main-strut construction with dual-chamber, shock-absorbing struts, twin-wheel nose
gear, and tail skid,

Apg = 80010870; m,,, = 6106.5.

Then, the gear cost can be written as

_ Ao 2 (Al.g + NnyMypeV Z:ﬂrn)G/-ﬂoCT/-ﬂo (5.91)
Cl.g,, = ke —A—n P ’ '

The hourly gear replacement costs will be

Re (Ao>2 (Arg + nwmuneNVGigoCTigo

0T\ x
Pl.g

(6.92)

a,,gn = 0.95 An

20

or
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a/.yn = k./-y(A/‘g + ”wmwthGgrn) (5.93)

where

' 2
k0 = 095 L2 (ﬁ) G190 CTigo

P l.e,,o" Aq Zo

Just as for the other components, we introduce the correction \/‘ Sn/So- 1f we keep the
gear shock absorbing characteristics constant for all the variants, we can consider that the
shock-strut cylinder outside diameter change is proportional to the change in the quantity
V/Gy;. Taking the change of all the other dimensions to be proportional to this quantity, we
can write, for the landing gear

\‘/Sl.g,,/sl.yo = VGgr,,/Ggro-
Correspondingly, Eqs (5.91) and (5.93) take the form

Ao\ GigoCry, ' 8 1G
Crgn = ke|l— —re 5 (Al.g+”wmwhaV Ggr,,) 7a, (5.94)
An 20 Ggro
k,l.g
a9, = 7=—=IA1g + NyMuneGy, \VGCq,. . (5.95)
In m g w/liwhe gr,,) or
The relative expenditure for replacement of the {anding gear is ’
Ugn = Vig *+ MwyMuneV Garg /A5 + Ny miyngVGgry). (5.96)
For comparison, the landing gear relative weight is
Grg = Ggrp/Ggry- (5.97)

From a comparison of Eqgs (5.96) and (5.97), we see that with an increase in the heli-
copter gross weight, the gear replacement costs vary much more slowly than the weight.

5.1.11 Fuel System Replacement Costs

For fuel systems of the same type of helicopters of the same class, we can consider that
the same number of detail parts, on the average, will be used for each main fuel tank.

With the usual tank placement under the cargo cabin floor, the number of tanks can be
approximately estimated from the formula

Myt = Gtuyfirutr.4BoHpy . (5.98)

where g, , = number of tanks under the cabin floor (rounded off to the next higher integer);
Gy, = basic fuel supply minus the portion of the fuel in the distribution tank and the external
tanks (if used): 74, = fuel specific weight; ¢, ; = fuselage frame spacing in the region where the
fuel tanks are located; B¢ = average width of the fuselage cabin at the floor; and Hy,, = fuselage
floor depth. .

The quantities ¢, Bo' and Hy,, are determined from the preliminary layout of the heli-
copter. The total number of tanks is n, = n, + n'y, where n'y is the number of distribution
(usually one)} and external tanks. Then the number of fuel system detail parts can be expressed
as

Gr, — G’ "
Zfys = Mpy st = mfu.:('—u—u + n'). {5.99)
Yoo ttsBoHny

where Gy, = total fuel supply; and G'f, = fuel in the distribution and external tanks.
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For the case where there is a single distribution tank, and no external tanks, G'f, ex-
pressed as a fraction of the total fuel supply becomes G =~ 0.1Gyy.

Zfys = mfu.:[(o'ngu/7fuB¢Hflr) + 7] (5.100)

where my, . = 400.
Then, substituting as usual, the expression for zy, . into Eq (4.17) (assuming Ay = Ap).

Gy — G'tu Grs
Cp, o = Rgmy, o fmm——— + 1, °Cr (5.101)
fu.s e'fu.s <7fu B¢ Hfrr tts t Z, o

For systems of the same type,
kU5 = ke(Gy, ,/20) My, ;Cr, = coOnSt

and

_G"
Con. = hfos (Ot ) (6.102)
*¥n Yo Botrstar

Since the quantities B, and t¢, are constant for the considered helicopter class and
Hy, can vary only slightly, the usual correction for difference in the size of the machined
surfaces need not be introduced. The hourly fuel system replacement costs

k fu.s G _ G'r
Opys = 0.95 — < i Ny A P (5.103)
Rycit Tcat \Vtu Bo t1.s Hpy
For systems with no external tanks, and with a single distribution tank
- 0.9Gy,
s = R 1) 5.104
N LT (6.104)

where
kafu‘ = kafu"/kutil Tear

The expression for the relative replacement costs for this case with variation of the heli-
copter parameters will have the form .

_ 0.9 Gftln + ‘qun B¢” Hﬂfn tf.ln
096Gy, ™ Yruy BooHtirytt.s,

(5.105)

y.s

For comparison, the fuel system relative weight is
z;-fu.s = Gty p/Gtu, -
5.1.12 Equipment Replacement Costs

The cost of most of the equipment does not change with variation of the helicopter
parameters. The flight, navigation, and instrument panel equipment, radio equipment, cockpit
and cargo cabin equipment, including the air-conditioning system, will be the same for all the
variants. It is obvious that the cost of the portion of the electrical installation servicing the
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electric power consumers smong the aforementioned systems also will not vary significantly.
Only the portion of the electrical system which supplies current to the main-rotor blade anti-
icing system can, in principle, have a direct influence on the selection of the helicopter param-
eters with respect to the cost criteria. We can assume that the variable portion of the number of
electrical system detail parts is proportional to the number of blades and the number of elec-
trical sections of the blade. Specifically, the number of junctions and certain other elements
varies in this way. As the required electrical system power increases, the number of AC gene-
rator detail parts may change. However, these changes are very slight in comparison with the
overall number of detail parts in the electrical system (for electrical systems and subassemblies
of the same type).

Therefore, we can consider that for helicopters designed for a given mission, the equip-
ment cost remains approximately constant with variation of the design parameters.

5.1.13 Replacement Costs of the Helicopter Structure as a Whole

Using the presented method for calculating helicopter cost characteristics, we can obtain
all the required data on replacements for the primary components of the considered helicopter
variant. Then, from the ratios of these data, we can find the relative replacement cost for the
individual components. )

An example of the results of such caiculations is shown in Fig 6.12, in which the con-
sidered helicopter costs were determined with respect to those of a production helicopter
which was taken as the baseline.

The relative costs for replacement of components were determined in dimensionless
units. In the calculation, we used the replacement costs as a unit of the set of eight main-
rotor blades for the baseline helicopter. From the curves in Fig 5.13, we can evaluate the nature
of the dependence of the overall replacement costs on the main-rotor diameter for all the com-
ponents for various numbers of blades, but for the same number of engines. But, at this stage,
it would be premature to draw any conclusions on the optimal main-rotor diameter on the
basis of minimal replacement costs. The fabrication cost of a particular helicopter variant
in terms of cost-per-flight hour may be higher, while the cost-per-unit of work performed by
the helicopter may be lower than for another variant.

It is also clear that with variation of the construction type and materials, the relation-
ship between the replacement costs of the individual components and therefore, the main-
rotor diameter for which the minimal structural cost is obtained may be completely different.
The magnitudes of the potential service life has a large influence on the result. Proper evalua-
tion of these characteristics should be given particular attention. in these calculations, attention
should also be devoted to proper evaluation of the magnitude of the m coefficients. We must
bear in mind that for each new type of construction, it is necessary to establish the particular
pattern of the number of detail parts with the variation of the helicopter parameters.

In this chapter, we have not posed the problem of conducting an analysis of the
laws governing the variation of detail parts in the components in as much detail as, for example,
that carried out in Ch 2 for the weight analysis. Here, only one of the possible approaches to
the solution of this problem was demonstrated on the example of the approximate methods
of determining the densities of the detail parts in the components. For existing modern heli-
copters, these methods yield quite satisfactory agreement between calculated and actual costs.
However, helicopter designs are being improved and new designs are appearing which have
fundamentally different solutions requiring special analysis of the nature of the density varia-
tion of the detail parts. Using the above-presented formulae, it is necessary, in these cases, to
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introduce the appropriate corrections into the calculation. It is obvious that the replacement
cost calculation for the various helicopter versions should not terminate at this point. It is
necessary to repeat the entire cycle for several gross weights, just as was done in selecting the
parameters based on the weight criterion. ’

5.2 Dependence of Direct and Indirect Costs on Helicopter Parameters

As we have already mentioned, replacement costs represent a very important cost item.
They may amount to several tens of percent of the cost-per-flight hour. Together with the
major overhaul costs, they constitute the primary portion of the direct operating costs.

5.2.1 Variation of Major Overhaul Costs

It is obvious that the nature of the helicopter major overhaul cost variation will be basi-
cally similar to the nature of the replacement cost variation. This follows from comparison of
the expressions

C, = kapkeCT,Gy and C,™0 = ky K\ Cr ™G,

The only difference between these expressions is in the magnitude of the coefficients
kq and k, [k, = ko —0.36(M,/M,)], and in the values of Cr and Cro " which equal the unit
cost of structure manufacture, and the unit cost of major overhaul (C7,"° =&, 5, CTo.
where £, ,, 0.2 10 0.9).

Therefore, in evaluating the changes in costs of this type, we can use the relative cost
relationships presented in the preceding section (without account for size corrections of the
type ¥/5,/5,).

In evaluating the fraction of the operating costs per flight hour associated with major
overhauls C,,’" ‘9 we can also use the analogous replacement cost relations presented in Ch 4.
But here, in addition to the differences in the magnitude coefficients k, and k,, as well as
Crp,and C To’"“’, we must also consider the difference between the magnitudes of the overhaul
and service lives which appear in these relations. For the dynamic system components (ex-
cluding the blades), p° = 3 to 4p%0-°.

For main and tail rotor blades, usually P*7 = P%2-9 (i e., these assemblies are not subject
to major overhaul). For the fuselage, cowlings, wing, empennage, and landing gear (except tires)
for which P*7 = Ry it Toase the major overhauls are performed along with the major overhauls
of the dynamic system components. For these components, the number of major overhauls is

"mo = [(kutiITcol/Pt'b'o) - 71

where, for modern helicopters, P02 =~ 1000 to 7500 hours. The general expression for the
major overhaul cost per flight hour for any component is modified as follows:

Ca™0 = 0"y o kykgpGoCr, 0 1PT (5.106)
where
Mo = Vipm o + 1)

For comparison, we recall the general expression for the replacement costs of the n-th
component {without correction for size):

a, = 0.95k4ky ,GoCr, /P
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5.2.2 Variation of Periodic Maintenance Costs

The portion of operational cost associated with periodic maintenance is expressed by
Eq (4.48). The influence of helicopter parameter variation on the number of operations per-
formed during the periodic maintenance cycle will depend (for similar structures) on the num-
ber of components: main and tail rotor blades, number of engines, and so on. The quantity
Cp.mp Will very only slightly with variation of the component dimensions, as iong as we con-
sider helicopters of the same class and designed for the same mission.

"In this case, the number of installed components of the same type (including the engines)
does not change with variation of the parameters. An exception is the number of main-rotor
blades and the associated complication of the construction of the main-rotor hub and swash-
plate assembly. For a given specific case, the number of main-rotor blade servicing operations
can be written as

Int, = Zbi1,/2b1,) b1,

where /p;, = number of operations performed when servicing the main-rotor blades of the
baseline helicopter variant. Similarly for the main-rotor hub and the swashplate assembly,

Ihuby = \2bigl2b1o)Ihuby  lspp = (2bip/2810) .00

It is interesting to note that the number of periodic maintenance operations performed
when servicing the classical main rotor with three-hinge hub and a swashplate assembly consti-
tutes up to 30 percent of the total number of operations performed in conducting all forms of
periodic maintenance for the helicopter as a whole.

5.2.3 Variation of Routine-Maintenance Costs

It is obvious that the nature of the variations of the cost of operations associated with
routine maintenance of the helicopter (prefiight and postflight inspections, and so on), should,
in principle, be analogous to the nature of the variation of the periodic maintenance operations
under the same conditions.

The operating costs associated with technical inspections and routine maintenance per
flight hour are calculated from the formula
, ! inspn Vcrn

Cinsp = Ont

insp =0 2linspy’

! lii_upo L,

With variation of the helicopter parameters, the ratio Vem/L,, will change very slightly.
However, the /insp,/linspo ratio basically depends on the number of components of the same
type installed on the helicopter {in the considered example, on the number of rotor blades) .

linspp, = linspy + Blinsp,

where
- hub bl .
Alinsp, = (2b1,/261x W insp, “0 o+ linspy + /inspa‘p)'
I,-,,,po""b, linsp ob' . and lingp *P respectively, are the number of operations associated

with routine technical inspections of the main rotor hub, blades, and the swashplate assembly.

For single-rotor helicopters having five-bladed main rotors of the classical scheme (three-
hinge hub), the number of operations involved with servicing the blades, hub, and swashplate
assembly constitutes 26 to 30 percent of the total number of operations.
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5.2.4 Variation of Fuel and Lubricant Costs

The fraction of the fuel and lubricant cost per flight hour is determined from Eq (4.51).
In accordance with Eq (2.162), the fuel supply is

Gfu = kfll (C’)p'p Np‘p Ln/ Vcrn .

Consequently,
Cfu./ = C'fu.lkfu km Np,p (Ce )p.p

Since N, , = NNygf) 4y then

Crus = Cruskeuks Np.pWref) gy (Ce) (5.107)

p.p’
5.2.5 Crew Salaries and Indirect Costs

It is obvious that for a definite helicopter configuration, the flight. crew costs do not
change with variation of the helicopter parameters.
The calculation of these costs should be made as shown in Ch 4, using Eq (4.53). For the
considered case,
Coar = (24 X 365/H)(6; + k" 8')m

crew

When using a definite number of new technical approaches in helicopter design, the in-
surance costs will not change with variation of the helicopter parameter; therefore, in accor-
dance with Eq (4.55), we can write

Cinsp, = Mt.innCicq = const.

As was noted in Ch 4, the fraction of the other indirect costs is usually evaluated as a
fixed percentage of the direct operating costs; the indirect costs may reach 30 percent of the
sum of the direct costs without replacement, and the major overhaul costs.

The costs of training and support flights, etc., is on the order of 10 percent of the amor-
tization (replacement plus major overhaul), routine maintenance, and fuel and lubricant costs.

As mentioned before, these cost items need not necessarily be considered in conducting
a parametric analysis.

5.2.6 Variation of Helicopter Cost per Flight Hour as a Function of
Helicopter Parameter Variation

After determining the nature of the variations of the helicopter cost characteristics, we
can summarize the most important results of the conducted study. Fig 5.14 shows the relation-
ships for all forms of direct and indirect operating costs per flight hour as a function of main-
rotor diameter. Fig 5.15 shows the overall relationships representing the nature of the flight-
hour cost variation with variation of the main-rotor diameter, number of main-rotor blades,
and engine power. We see from this latter figure that with increase of the main-rotor diameter
for helicopters with the same gross weight, the cost per flight hour initially decreases and then
increases again. The flight-hour cost is lowest for helicopters with the least number of blades
in the large-diameter zone, while in the small-diameter zone, the cost is lowest for helicopters
with the largest number of blades. However, the optimum is relatively weak. This is explained
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for the given specific example by the fact that an increase in the main-rotor diameter leads to a
considerable reduction in the costs for replacement of the powerplant and the main-rotor hub,
as well as a corresponding reduction in the costs of major. overhaul of these components, and
also in the cost of fuel and lubricants. But these savings are accompanied by simultaneous in-
creases in the main-rotor blade replacement costs, and in the costs of certain other items as
well. However, it is clear that the picture may be different for a different relationship of the
prices for materials, and fuel and lubricants, and also when using fundamentally new technical
approaches.

For example, if the price of fuel incresaes several fold and simultaneously, Pepg,  and
P,,,,""‘ are halved, the minimum flight-hour cost will shift still further to the right. We note

that the minimum flight-hour cost still does not completely define helicopter economic effec-
tiveness, and therefore cannot be used as a criterion for parameter selection. An exception to
this rule may be represented by helicopters which are primarily intended for long-duration
flights of a patrol nature within a limited zone; for example, highway patrol.

or

5.3 Selection of Parameters Based on Cost Criteria
for Helicopters With Different Missions

5.3.1 Selection of Optimal Cargo Transport Helicopter Parameters Based on
Minimum Cost per Ton-Kilometer

We mentioned previously that the basic criterion of economic efficiency of the cargo
transport operations performed by the helicopter is the cost per ton-km, defined as the ratio of
the cost-per-flight hour to the productivity. By productivity, we mean the product of the pay-
load G, ; and the helicopter block speed, Vpik-

In some methods of helicopter economic calculation, this quantity is termed the flight
productivity. In order to account for the limitations with respect to calendar time, one intro-
duces a new concept of calendar productivity. Since all the basic calendar limitations were
taken into consideration in our economic analysis: in the following, we shall use only the flight
productivity concept IT = Gp s Vpx. where Vpy is the block speed.

Fig 5.16 shows, as an example, the productivity for one of the single-rotor helicopter
variations examined in Ch 2. Here, Vj,x = average flight speed from the time of engine start
at the origin, to the time of engine shutdown at the destination .

Voik = Lalton
where t,,,, = block flight time, ‘

otk = Tgr T Th + Ty + 75 F T+ T (5.108)

Tgr = €ngine operating time on the ground (usually two to three minutes), 7, = hovering time
(usually one to two minutes); 7,,= maneuvering time (up to five minutes); 7,,= time to climb
to the specified flight altitude H; Tgc = descent time, and 7o, = flight time at cruising speed.

Now, let us see how the cost per ton-km will vary with change of the main-rotor diam-
eter and number of blades

Cran-km = wafn/EI.fnn

where §, ; = coefficient characterizing the average helicopter load factor (in Ch 4, we took
§,.¢ = 0.75 in estimating the annual flight time). It is convenient to make the analysis using the
relative cost per ton-km:
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Here, Cpqy, and I, respectively are the flight-hour cost and the productivity of the basic
helicopter variant, where

Chetp = Chcl,,/chala and I, = II,/T,.

Figures 5.17 and 5.18 show examples of C,,,..,» as functions of the main-rotor diam-
eter. Analogous relations using the considered method can be obtained for the single-rotor
helicopter variants with other gross weights and for helicopters of other configurations intended
to perform quite different missions; differing in range, lift capability, cargo cabin dimensions,
takeoff conditions, ceilings, and so on.

This technique makes it possible to include, if necessary, the variation of any other char-
acteristic in the parametric analysis. We have already mentioned the possibility of varying the
type of construction and the materials. This method also makes it possible to study how such
an important parameter as the cruise speed influences the cost per ton-km of cargo-transport
compound helicopters. At first glance, the advisability of increasing this speed to the maximum
level possible from the technical point of view seems obvious, since it is inverseiy proportional
to the cost per ton-km, but as we have already mentioned above, this will lead to a reduction in
the annual flight time and the service life because of limitations resulting from the vibration
level, etc., thus leading to an increase in the cost per fiight hour.
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5.3.2 Selection of Optimal Passenger Helicopter Parameters Based on
Minimum Cost per Passenger-km

in modern helicopter construction practice, the passenger helicopters are developed, in
principle, from previously constructed cargo-transport helicopters. Therefore, the problem of
selecting the parameters for such a machine.is usually replaced by the problem of selecting the
cargo-transport helicopter which is most suitable for conversion ‘into a passenger variant. This
is explained by the relatively small (to date) volume of passengers traveling by helicopter.

As the basic economic criterion for selecting the parameters of such a machine, it is
advisable to use the minimum cost per passenger kilometer. By this we mean the ratio of the
flight-hour cost to the product of the number of passenger seats, block speed, and a coefficient
accounting for the helicopter load factor.

Upon receiving the task of designing a passenger helicopter for a definite number of
seats, the selection of the parameter based on this cost criterion is made by a method similar
to that developed in the preceding subsection. )

The nature of the variation of the cost characteristics of the basic passenger-helicopter
components will be analogous to the variation of the corresponding characteristics of the
cargo-transport helicopter.

The only difference will be an increase of the fraction representing the equipment cost
{practically constant for all the variants): cabin interior, airconditioning system, heating,
lighting, and so on.

5.3.3 Selection of Optimal Crane Helicopter Parameters Based on ‘
Minimum Cost per Ton .

In designing flying cranes, the primary mission of which is the transportation of external
loads, the optimal parameter selection technique is basically analogous to that examined above.
Once again, the criterion is the minimum cost per ton-kilometer. However, if we wish to de-
velop a helicopter in which the primary purpose is the assembly of various structures, then it
is necessary to use different economic criteria. For example, we can, in many cases, select
the parameters on the basis of the minimum cost per ton of weight of the structure being
assembled with the aid of the helicopter. It is obvious that the types of structures being assem-
bled may differ markedly in both weight and dimensions, which affects the productivity of
the crane helicopter. In order to compare the different variants under the same conditions, we
need to introduce the concept of the standard assembly structure. As such, we can take any of
the most typical elements from which factory smokestacks, scrubbers, tall building roofs,
towers, and so on, are assembled; for example, a steel-sheet tube, four meters in diameter,
seven meters long, and weighing eight tons. The air purification structure was assembled from
such elements with the aid of the Mi-10K flying crane in 1973 on the roof of the Sinarskiy
Tubing Plant, see Fig 1.5. The design weight of the element being assembled will be equal to
its own weight multiplied by a coefficient accounting for the aerodynamic download. In most
practical cases, this coefficient is equal, or close to, one.

Other questions which arise in connection with the need to compare different modes
of crane helicopter operations are the questions of distance from the plant being constructed
to the pads on which the crane helicopter must be based and where the elements of the equip-
ment being assembled must be located, the height of the facility being assembled, the time re-
quired for hovering with the load including installation time, the.necessity for accuracy of
installation, and so on. The basic data of this type (typical operation) is determined by the
purchasers of the helicopter. The cost per flight hour for the various crane helicopter versions
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can be determined by a technique analogous to that examined above. But in evaluating the
annual flight time and the costs of certain forms of maintenance, it is necessary to start with
the conditions of this typical crane operation. In place of the ratio, L/V,,, characterizing the
part of flight service life expended in a single flight — which was used in evaluating these quan-
tities for both cargo transport and passenger helicopters — in the corresponding formulae for

‘the annual flight time and maintenance costs, we should use the magnitude of the overall time

spent in hovering with and without the cargo, and the ferry flights from the base pad to the
location of the construction and back, as determined by the normal fuel supply.

Then we evaluate the productivity for each of these variants, which is defined as the
ratio of the total weight of the structure being installed to the total flight time spent directly
on its installation. The optimal main-rotor diameter, number o¢ blades, and engine power
will correspond to the minimal ratio of the cost per flight hour to the crane productivity for
a given cargo-lift capability.

5.3.4 Selection of Optimal AG Helicopter Parameters Based on Minimum Cost
for Treating One Hectare of Cultivated Land

In selecting the optimal parameters with respect to the economic criterion of a special-
ized machine such as the AG helicopter, we can use the method developed above to calculate
the cost per flight hour for several variants, differing in configuration, main-rotor diameters,
number of main-rotor blades, installed power, and gross weight (with account for the pecu-
liarities of the typical agriculitural operation). It is natural to evaluate the AG machine pro-
ductivity on the basis of time required to treat one hectare of fields, orchards, and vineyards.
Obviously, the forms of treatment may be quite different. For example, one of the most
promising tasks is the application of mineral fertilizers to fields.

It may not always be advantageous to modify conventional helicopters for such opera-
tions. In the case of iarge volumes of operations of this nature, the question arises of develop-
ing a specialized helicopter type. Considering the requirements imposed on such a helicopter,
including requirements for flight speed and altitude from the viewpoint of effective field
treatment, and also for productivity of the helicopter-borne agricultural equipment, we can
evaluate the number of hectares treated by the helicopter. per flight hour for all the variants
being considered (see Ch 1). If we then divide the previously obtained corresponding costs
per flight hour by these quantities, we obtain the cost of treating one hectare; and conse-
quently, we can determine the helicopter variant with the lowest cost for treating one hec-

tare. The problem of selecting the optimal helicopter variant used to combat agriculturaf

pests and treat vineyards and orchards with chemicals is similarly accomplished. This approach
also makes it possible to solve another interesting problem. Using this technique, we can de-
termine the theoretical possibility of developing an AG helicopter for which the cost of treating
one hectare when performing particular operations will be lower than when using ground-based
equipment for this purpose. This can apply both to today’s level of aircraft technology de-
velopment and to that predicted for the future. Specifically, in these calculations, we can take
into account the difference between the quality of the treatment of a hectare from the air
and from the ground. It is well known that thanks to the higher effectiveness of field treat-
ment with chemicals dispersed from a helicopter, increased yield will be obtained from the
fields thus treated.

5.3.5 Selection of Optimal Parameters for Specialized and Universal Helicopters

It is possible that the intensive development of the national economy will require the
development of still other types of specialized helicopters; for example, special fire-fighting
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helicopters, tanker helicopters used to refuel ground-based vehicles operating far from their
bases, special helicopters for servicing off-shore oil fields, and so on.

In all of these cases, we can use the above-developed method to evaluate, with an ade-
quate degree of accuracy, the cost per flight hour of different versions of any particular heli-
copter. Depending on the stated requirements, the notion of productivity can be formulated
for this, or other, specialized helicopters. }

The ratio of the flight-hour cost to this productivity is the criterion which makes it
possible to solve the problem of selecting .optimal parameters for such 8 machine. However,
it should be noted that the development of highly specialized machines will be justified only
if the following conditions are satisfied: (1) the volume of operations performed by a single
helicopter guarantees sufficient utilization of the machine throughout the year; (2) the over-
all volume of anticipated operations is sufficient for the purchase of a significant quantity of
helicopters of the given type; (3} the production capabilities of the industry make it possible
to put the specialized helicopter type into series production without loss of output of other,
no less important, types. :

Otherwise, it will be necessary to develop a multipurpose helicopter for two or more
missions. It is clear that such machines may be less effective than the specialized helicopter
when performing the individual missions (including economic aspects as wel!). However, the
use of a single universal type may be more profitable than the use of several specialized ma-
chines.

If necessary, how do we select the parameters based on the economic criterion for such
a helicopter? It is clear that if the requirements for performance of the operations are divided
into primary and secondary tasks, then the perameter selection is made for the primary mission
using the above-described technique. If all the missions have equal importance, it is proposed
that we use the ratio of the flight-hour cost to the planned benefit obtained from operation of
the helicopter per flight hour as the primary criterion in selecting the parameters. The cost per
flight hour is determined by the technique examined above. '

By specifying the maximum allowable specific cost of performing any particular opera-
tion from the viewpoint of earning capability at the initiation of the design of a multipurpose
machine, we can use the proposed technique to evaluate how the problem can be successfully
solved by particular design improvements and the use of particular materials.

5.3.6 Comparson of Selected Parameters Using Weight and Minimal Operating
Cost Criteria

The analysis performed in the preceding sections makes it possible to answer the follow-
ing question which was posed at the beginning of these considerations: To what degree does
the weight efficiency of the helicopter reflect its economic efficiency? It was shown above
that if the comparison of the economic characteristics of different helicopter variants designed
to the same requirements is made under the same conditions,including,((a) the same.average
wage level in the plants where production of the new helicopters is planned; (b) the same
materials and type of structure for similar components; (c) the same helicopter production
schedule, and (d) the same level of productivity, then the results of this analysis will depend
only on the nature of the variation of the quantity Rg.p- These conditions are satisfied if the
basic economic calculation coefficients are held constant for all the considered variants

k

o = const; ky =const; C'=const; and mp = const.

. The results of the weight and economic calculations made using the techniques described
above make it possible to draw the following conclusions: (1) With satisfaction of the above-
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cited conditions, the optimum civil helicopter parameters determined using the weight criteria,
correspond to the optimum parameters of these machines determined using the cost criteria if
the coefficient accounting for the design difference is kg , = const for all the considered var-
lants. (2) With satisfaction of the indicated conditions, but with kg, # const, correspondence
of the “weight’’ and “‘economic’ techniques for solving the basic problem of parametric analy-
sis is possible, but not certain. In this case, in order to evaluate the degree of correspondence, it
is necessary to perform special verifying economic calculations using the proposed technique.
(3) If, in addition to kg, p # const, still other necessary conditions are not satisfied, for exam-
ple, if k4 # const, there may be a significant degree of noncorrespondence between the param-
eters selected on the basis of minimum cost of the performed operation and minimum struc-
tural weight. .

The first case is very unlikely to arise in actual vehicle design practice. It is difficult to
imagine how, while varying the parameters over a wide range, we can, at the same time, main-
tain constancy of the m, coefficients that are determined by the type of structure of the
primary components, and satisfy the condition, kg, = const; i.e., keep the number of detail
parts in each component constant.

The second and third items represent usual cases. The examples at the beginning of Ch
4 show that when comparing helicopters for which the basic coefficients are not equal, the
heavier helicopter may be more economical. In application to the cargo transport helicopter,
this may mean that the heavier helicopter will have a lower cost-per-flight hour, and lower cost
per ton-km.

Such results of calculations made to select the optimum single-rotor cargo-transport heli-
copter parameters according to cost and weight criteria are compared in Figs 5.19 and 5.20.
We see from the curves that, in this specific case, the resuits of these calculations for the 50-km
range are in practically complete agreement; however, there is some discrepancy for the 800-km
range.

A careful examination of the figures shows that the costs per ton-km corresponding to
the optimal main-rotor diameters differ slightly with different numbers of blades.

Increasing this difference to more significant magnitudes in other cases is possible. But
in the considered example Ry, # const, this difference cannot be very large because of factors
which we have already mentioned: the increased cost of the main-rotor blades, and several
other components with increase of the diameter was balanced, in considerable measure, by
a simultaneous decrease in the powerplant and fuel costs.

In other words, in the calculations for one gross weight and helicopter configuration,
the minimum cost per ton-km for a constant number of lifting rotor blades is, in principle,
determined by the maximum cargo-lifting capacity of the helicopter. This is due to the fact
that with the assumed average relationships between the basic cost items, the cost per flight
hour changes very little with rotor diameter, and the change in cruise speed for all helicopter
variants is also slight. This essentially explains the agreement of the obtained results.

But we should point out once again that the picture may change markedly if, in addi-
tion to varying the main-rotor diameters and number of blades, we also vary the helicopter
configuration, number of control rotors, engines, gearboxes, transmission shafts, tail rotors,
and other components; and aiso the types of their materials and structures. The change may be
still more noticeable if we significantly alter the average relationship of the costs for the indi-
vidual items, for example, the fuel cost is significantly increased or reduced.

When examining the variants of the cargo-transport compound helicopter, there is
particular interest in the relationship between the cost per ton-km and the cruise speed. The
following specific results were obtained when solving this problem in accordance with the pro-
posed technigue in application to a single-rotor compound helicopter with one lifting rotor
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Figure 5.20 Relative cost per ton-km and maxi-
mum cargo capaecity of a single rotor helicopter
as a function of the main-rotor diameter
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and two tractor propellers (see Fig
2.91). The characteristics of this air-
craft were examined in Sect 2.6. The
optimal variant of this compound
helicopter has a cruise speed of 350
km/mr. Its productivity is 12 percent
higher than that of the optimal (with
respect to weight efficiency) cargo-
transport pure helicopter having a
speed of 260 km/hr and the same gross
weight (for L = 800 km). The economic
analysis of the compound helicopter
shows that as a result of the installation
on this vehicle of a wing, tractor pro-
pellers, additional gearboxes with trans-
mission shafts, and more powerful
engines, as well as due to other design
peculiarities, the cost per flight hour
for this machine was 11.8 percent
higher than for the pure helicopter. it
is obvious that the relative compound
helicopter cost per ton-km is of the
same order as for the pure helicopter.
However, for shorter flight ranges and
particularly when operating with exter-
nal loads, the pure helicopter is prefer-
able with regard to the economic char-
acteristics.

in order to get a complete pic-
ture of the relationship between the
weight and cost optima for the com-
pound helicopter variants being com-
pared, it is necessary to plot graphs of
the type shown in Figs 5.19 and 5.20
for several gross weights, and then de-
termine from them the range of gross
weights for which it is possible to
satisfy the basic requirement with re-
gard to transporting the specified cargo
over the specified distance without
exceeding these quantities, and replot
the graphs of aircraft weight and eco-
nomic characteristics for these gross
weights. In the lower part of Fig 5.21,
an example is shown of the gross
weight of the single-rotor cargo-
transport helicopter as a function of
the main-rotor diameter with different
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number of blades for constant payload (the curves are plotted on the basis of Fig 2.78). Obvi-
ously, the helicopter variants which are optimal with respect to weight efficiency are represented
on the curves by the lowest possible gross weights; the corresponding coordinate points lie on
the boundary representing the payload constraint.

The upper part of Fig 5.21 shows the relative cost per ton-km as a function of the main-
rotor diameter for the entire examined range of gross weights for which transportation of the
specified cargo load is possible.

Specifically, we see from a comparison of the upper and lower curves that the minimal
costs for helicopter variants differing in number of main-rotor blades do not, in all cases, corre-
spond to their weight efficiency maxima.

This is seen more clearly in Fig 6.22, which presents the relative cost per ton-km as a
function of gross weight for the same helicopter variants (case I1). For example, we see that for
the variants with a five-bladed rotor, the minimum cost per ton-km is achieved for gross weights
higher than those for which the maximum weight efficiency is obtained.

T, ton-km
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Figure 5.22 Relative cost per ton-km as a function of gross weight

The best variant from the viewpoint of economic efficiency is the helicopter with a
seven-bladed main rotor having a gross weight of 46.2 tons; while from the viewpoint of weight
efficiency, the optimal is the variant with a nine-bladed main rotor having a gross weight of
45.7 tons; i.e., a difference of 0.5 tons. If we ignore the blade-droop constraint, this difference
increases to one ton. In other words, the calculations confirm the statements made above re-
garding the possibility of developing, under certain conditions, a helicopter that has the best of
all possible economic indices, but which is, at the same time, far from optimal in regard to
weight efficiency. To what degree do these analytical results correspond to the known actual
data?
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We gave several examples at the beginning of Ch 4 which confirm the presented devia-
tions. We shall discuss another example. The first flight of the French SA350 helicopter was
made in 1974. According to the foreign press2®, the basic concept of this machine was to de-
velop a helicopter having the best possible economic characteristics. This objective was achieved
by the use of several design approaches which made it possible to reduce, by a factor of two,
the total number of bearings and gears in the helicopter, and also made possible the use of
heavier (but at the same time, several times less expensive) automotive accessories. For example,
the aircraft fuel pump weighing 0.8 kg was replaced by a heavier auto pump weighing 1.35 kg,
but the latter was one-eighth as expensive. In spite of the fact that the helicopter structural
weight increases when using this approach, its economic efficiency is 30 percent higher than
that of any other helicopter in production at the present time.

Since, when developing new machines, the helicopter designers cannot be certain that
the basic parameters which they have selected with respect to maximum weight efficiency or
maximum productivity criteria, or any other effectiveness criterion {see Ch 1) also provide, in
all possible cases, the maximum economic efficiency of the newly designed rotary-wing air-
craft, it is necessary to verify, at definite stages in the design of the new machine as to whether
the so-selected parameters meet the economic criteria as well. For this assessment, the tech-
niques examined in Chs 4 and 5 can be used.
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